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SUMMARY 
 
 In this thesis, we present a systematic investigation of parametric process in 
nonlinear photonic crystals with various microstructure designs. 
 Firstly, pumped by a cw-diode-pumped, acousto-optically Q-switched Nd:YAG 
laser operating at 1.064µm, we produced a compact, all-solid-state, widely tunable mid-
infrared optical parametric oscillator, using one-dimensional (1D) nonlinear photonic 
crystal with periodically poled 5mol.% MgO doped LiNbO3 and multiple-channel 
structure design. We investigated the tuning performance and analyzed its relating factors. 
Wide tunability from 1.44 to 1.58µm at the signal beam wavelength and from 3.28 to 
4.11µm at the idler beam wavelength was achieved by both varying the temperature and 
translating the crystal through the resonator and the pump beam with no realignment 
required. Efficient mid-infrared output was realized. The output performance and the 
effect of mid-infrared absorption of idler beam were also investigated in detail. 
 Secondly, a quasi-phase-matched parametric downconversion via cascaded optical 
nonlinearities in a 1D nonlinear photonic crystal with aperiodically poled MgO:LiNbO3 
superlattice was studied in theory and experiment. Due to the cascading effect and the 
abundant reciprocal vectors in an aperiodic quasi-phase-matching structure, multiple-
wavelength parametric downconversion in a wide spectrum range can be obtained. 
Enhancement of the conversion efficiency and output stability through coupling of two 
nonlinear parametric processes is demonstrated. The result also reveals that cascaded 
parametric downconversion process can be used to efficiently downconvert the 
fundamental wavelength to longer wavelength of infrared region. The process can be 
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additionally used as an efficient mechanism to enhance THz wave propagation in a 
nonlinear optical medium. 
 Thirdly, we have systematically investigated the quasi-phase-mismatch effect in 
1D nonlinear photonic crystal. Effective bandwidth enhancement is achieved by 
modulating quasi-phase-mismatch via the reset action in a reset periodic structure. 
Fourier analysis is adopted as an alternative approach when small signal approximation is 
unavailable, and it is verified to be more general. Multiple-wavelength conversion is 
realized by modulating quasi-phase-mismatch via the cascaded action in cascaded 
periodic structure. By studying the duty cycle of the modulation period, the structure can 
be used to generate arbitrary number of wavelengths, even number or odd number, 
rendering the cascaded periodic structure more suitable for practical applications. 
Finally, we reexplain the quasi-phased-matched parametric process in nonlinear 
photonic crystals from the point of view of light diffraction in real crystals. It is shown 
that the quasi-phase-matching condition for efficient nonlinear parametric process is 
physically the interference between the light wave and the lattice wave in nonlinear 
photonic crystal. The diffraction model was successfully applied to nonlinear photonic 
crystals with both one- and two-dimensional Bravais lattices. This study gives detailed 
investigation of light wave diffraction in nonlinear photonic crystal and reveals the 
fundamental physics for multiple phase-matching resonances in 1D nonlinear photonic 
crystal, which is essentially important to optical communication, spectroscopy, and 
quantum information. At the same time, the scattering factor in 2D nonlinear photonic 
crystal was investigated, which is an essential factor for the design and fabrication of 2D 
nonlinear photonic crystal. 
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Fig. 1.1 Schematic diagram of periodic QPM structure. 
 
Fig. 1.2 Fourier spectrum of periodic QPM structure with duty cycle 2/1=D . 
 
Fig. 1.3 Schematic description of SFM. 
 
Fig. 1.4 Schematic diagram of SHG. 
 
Fig. 1.5 Comparison of the parametric process in nonlinear optical medium for the cases 
of none phase matching, birefringence phase-matching, and QPM respectively. The 
simulation assumes that QPM and birefringence phase-matching use the same nonlinear 
optical coefficient. 
 
Fig. 2.1 Schematic diagram of electric poling circuit. 
 
Fig. 2.2 The standard electrode setting for the electric poling experiment. 
 
Fig. 2.3 The domain reversion process during the electric poling. 
 
Fig. 2.4 Schematic diagram of singly resonant OPO configuration. 
 
Fig. 2.5 Schematic diagram of optical layout of OPO experiment. 
 
Fig. 2.6 Measured signal beam from six gratings on PPMLN chip at room temperature. 
 
Fig. 2.7 OPO tuning performance by both changing temperature and translating QPM 
gratings for the signal beam (a) and idler beam (b). 
 
Fig. 2.8 The comparison between the measured wavelength tuning performance and the 
theoretical calculation results. 
 
Fig. 2.9 The diagram of signal (a) and idler (b) beams tuning by translating the QPM 
gratings at room temperature. 
 
Fig. 2.10 Dependence of signal beam output power on the input pump power. 
 
Fig. 3.1 (a) Schematic diagram shows an aperiodic QPM structure composed of building 
block d , modulated by the spatial function. The arrows indicate the directions of 
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spontaneous polarization in ferroelectric materials. (b) Schematic diagram of the 
cascaded process in an aperiodic QPM structure. There are two predesigned reciprocal 
vectors OPAG  and DFMG  to compensate the phase-mismatching in the OPA and the DFM 
processes respectively. Thus two QPM conditions are achieved simultaneously. 
 
Fig. 3.2 Fourier spectrum of the spatial function (Eq. (3.1)) in reciprocal space. 
 
Fig. 3.3 Signal spectrum observed at room temperature.  
 
Fig. 3.4 (a) Simulation result of Eq. (3.3) in a 50mm-long aperiodic QPM structure. 
Black-dotted curve for signal beam. Black-solid curve for idler beam. Black-dashed 
curve for frequency difference beam. The blue-solid curve for idler beam in the periodic 
QPM structure. (b) Output energy of idler beam under different input energy in the 
aperiodic QPM structure. 
 
Fig. 3.5 Simulation of 1.2THz propagation in (a) a periodic QPM structure and (b) an 
aperiodic QPM structure. The nonlinear optical medium is congruent LN and the 
refractive index for THz beam is about 5.2 [3.31]. 
 
Fig. 4.1 (a) Effect of QPM on the growth of intensity with distance in a periodic QPM 
structure. The direction of spontaneous polarization flips every coherence length. Solid 
curve for first-order QPM; dashed curve for non-phase matched interaction. (b) Effect of 
the additional phase mismatch k∆δ  in the periodic QPM structure. Solid curve for first-
order QPM; dashed curve for spectral component with k∆δ . It is seen that the flip over of 
the spontaneous polarization in the periodic QPM structure fails to match to the new 
coherence length cl . (c) Within 
QPMM
cl , the spectral component with k∆δ  can be still 
efficiently quasi-phase-matched, i.e. the output intensity keeps stepwise increase until it 
reaches the coherence length QPMMcl . 
 
Fig. 4.2 (a) Schematic diagram of a periodic QPM structure. (b) Schematic diagram of a 
RP-NLPC with one reset. (c) Schematic diagram of a RP-NLPC with two resets. The 
arrows show the directions of spontaneous polarization of ferroelectric materials. 
 
Fig. 4.3 Fourier spectrum of a RP-NLPC with one reset. (a) The spectrum intensity of the 
central spectral component is over-valued during the numerical calculation. Thus the 
enhancement of the spectrum bandwidth is not necessarily efficient. (b) The spectrum 
around the central spectral component varies sharply. It renders the RP-NLPC unsuitable 
for practical applications. (c) After balance the three factors: FWHM of the Fourier 
spectrum, spectrum intensity of the central spectral component, and evenness of the 
spectrum around the central spectral component, effective bandwidth enhancement of the 
Fourier spectrum is achieved. 
 
Fig. 4.4 Comparison of the bandwidth between the periodic QPM structure (black curve) 
and the RP-NLPC with one reset (blue curve), and two resets (red curve). The conversion 
efficiency is normalized to the peak efficiency. It is seen that more resets are 
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superimposed, wider bandwidth and smaller efficiency are obtained. That is an inevitable 
trade-off exists between bandwidth and conversion efficiency.  
 
Fig. 4.5 (a) Schematic illustration of a CP-NLPC superimposed by N modulation periods. 
n1…nN are integers. (b) Schematic diagram of a CP-NLPC superimposed by one 
modulation period. The duty cycles of the original period 0Λ  and the modulation period 
mΛ  can be adjusted. The arrows show the directions of spontaneous polarization of 
ferroelectric materials. 
 
Fig. 4.6 (a) Four-channel Fourier spectrum of a CP-NLPC with two modulation periods 
superimposed. (b) Conversion efficiency plot of (a). The conversion efficiency is relative 
to the peak efficiency of a conventional periodic QPM structure. (c) Three-channel 
Fourier spectrum of a CP-NLPC with one modulation period superimposed. (d) 
Conversion efficiency plot of (c). The conversion efficiency is relative to the peak 
efficiency of a conventional periodic QPM structure. 
 
Fig. 4.7 (a) Distributions of )( 0kF ∆ , )( 1kF ∆  and )( 2kF ∆  as a function of mD , black 
curve for )( 0kF ∆ , green curve for )( 1kF ∆ , and red curve for )( 2kF ∆ . )( 1kF ∆  and 
)( 2kF ∆  can be equalized at a series of discrete values of mD  as indicated by the black 
circles in the inset. (b)-(c) When the values of mD  are around 0.262, 0.275, 0.287 or (1-
0.262), (1-0.275) and (1-0.287), )( 0kF ∆ , )( 1kF ∆  and )( 2kF ∆  can be roughly 
equalized at the maximum value. Here, umm 8.676=Λ  and um92.160 =Λ . 
 
Fig. 5.1 (a) An analogy between a diatomic crystal and a NLPC in 1D case. 0a , 1a , and 
2a  denote the dimensions of primitive cell and atoms respectively. The arrows denote the 
dipole directions. (b) Schematic diagram of a 2D NLPC with a hexagonal lattice. 0C  
denotes the lattice constant. 
 
Fig. 5.2 (a) X-rays diffraction in an atomic structure. k  and 
'
k  are the wave vectors of 
the incident and reflected X-rays. G is a vector in reciprocal lattice. (b) A NSP where two 
incoming photons at frequency 1ω  and 2ω  are scattered nonlinearly into one photon at 
frequency 213 ωωω +=  (sum frequency mixing) under the photon energy conservation 
321 ωωω hhh =+ . NSPk  denotes the wave vector of the scattered wave. Ω  denotes the 
wave vector of the lattice wave in NLPC structure. The diffraction of the scattered wave 
with the lattice wave resulting in the photon momentum conservation. 
 
Fig. 5.3 Schematic diagram of 1D NLPC with anti-direction structure. The arrows denote 
the dipole directions. 
 
Fig. 5.4 The plot of Eq. (5.11) for both square and hexagonal lattices when the reciprocal 
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vector takes the values of || )0,1(1,0Ω , || 1,1Ω , || )0,2(2,0Ω , and || )1,2(2,1Ω  for both two types 
of series. (a) for square lattice with type 1 series. (b) for square lattice with type 2 series. 
(c) for hexagonal lattice with type 1 series. (d) for hexagonal lattice with type 2 series. 
 
Fig. 5.5 The |SΩm, n|–Ψ spectra. The blue solid curve for 1D NLPC with para-direction 
structure. The black solid curve for )0,1(1,0Ω  from type 1 series in the square lattice, the 
dashed curve for )0,1(1,0Ω  from type 1 series in hexagonal lattice, the dotted curve for 
)0,1(1,0Ω  from type 2 series in square lattice, and the dash-dotted curve for )0,1(1,0Ω  from 







Table 2.1 Infrared windows of atmosphere. 
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1.1.    Quasi-phase-matching and nonlinear photonic crystal 
 
1.1.1. The concepts of quasi-phase-matching and nonlinear photonic crystal 
 
In nonlinear optics, the interest is focused on the nonlinear part of the response of 
a material to an applied optical field. The field of nonlinear optics began with the first 
realization of the second harmonic generation (SHG) in 1960s [1.1]. Since then, 
nonlinear optics has opened a new gate for us to look into the realm of nonlinear light-
matter interactions and has boosted the research works on many new topics in optical 
physics, both fundamentally and experimentally [1.2-1.50]. 
One of the most important topics in nonlinear optics is the study of parametric 
process in nonlinear optical materials. The parametric process has been systematically 
investigated and exploited in the realization of commercial optical devices and in various 
technological and industrial applications. The photon energy therefore is always 
conserved in a parametric process. The nonlinear medium acts as a catalyzer; it 
accelerates but does not participate in the energy exchange process among the interacting 
light waves. On the other hand, photon energy need not be conserved in a nonparametric 
process, because energy can be transferred to or from the nonlinear medium. Accordingly 
parametric processes can always be described by the real part of nonlinear optical 
 - 20 -
susceptibility; conversely, nonparametric processes are described by a complex nonlinear 
optical susceptibility. 
 For the parametric process in the nonlinear optical regime, phase-matching plays 
a very important role. Phase-matching condition is actually the photon momentum, i.e., 
wave vector, conservation between the interacting waves. If the phase-matching 
condition is satisfied, the phase slip between the interacting electromagnetic waves is 
eliminated with complete energy conversion; if not, the phase slip between the 
electromagnetic waves causes an alternation in the direction of the power flow and leads 
to a repetitive growth and decay of the conversion efficiency along the interaction length, 
therefore the energy conversion will be very inefficient. 
The phase mismatch (i.e., wave vector mismatch) in parametric process is 
normally due to the normal dispersion of the nonlinear optical medium. One may achieve 
phase-matching by using birefringence of the nonlinear optical material [1.51]. However, 
due to the stringent requirements on the wavelength band, propagation direction, and 
operating temperature, the use of birefringence strategy greatly restricts the choice of 
materials. Hence many good nonlinear optical materials with large nonlinear coefficients 
cannot be adopted for efficient parametric interaction. Researchers therefore turn to adopt 
the quasi-phase-matching (QPM) strategy. The concept of QPM was first proposed by 
Armstrong [1.52], Franken and Ward [1.53] independently. QPM uses a periodic 
variation in the nonlinear optical susceptibility )2(χ  to adjust for phase slip. Periodic 
variation of )2(χ  is implemented by a QPM grating in which the value of )2(χ  is reversed 
after the phase slip between the interacting waves accumulates to 180º at the coherence 
length klc ∆= /π , where k∆  denotes the wave vector mismatch between the interacting 
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waves. Therefore the QPM strategy can inherently eliminate the dependence of the 
realization of phase-matching on the properties of materials themselves. Other 
advantages of QPM over the conventional birefringence phase-matching technique are 
non-critical phase matching of any interaction within the transparency range of the 
material at a given temperature, high nonlinear gain, no walk-off, less sensitive to 
photorefractive effects, and extended IR transmission. In 1998, Berger extended the QPM 
study from one dimension (1D) to two dimension (2D), and proposed the concept of 
nonlinear photonic crystal (NLPC) [1.54]. Since then, NLPCs have been verified to be a 
valuable platform for the light-matter interaction in the nonlinear regime [1.55-1.70].  
Accordingly in this thesis, the QPM structure expanded in 1D is equivalent to 1D NLPC. 
Much of the standard theory for the birefringence phase-matching scheme [1.51] 
carries over to QPM with only a few simple substitutions. One substitution causes the 
effective nonlinear optical coefficient for the parametric coupling between light waves to 
be )2()2( χχ meff G= , where mG  is a factor arising from the Fourier transform of the QPM 
structure. The details of mG  will be given in 1.1.2. Another substitution is that the wave 
vector mismatch k∆  includes the reciprocal vector of the QPM grating 
Λ−∆=∆
πmkk 20                                                 (1.1) 
where 0k∆  is wave vector mismatch of the interacting waves. Λ  is the period of the 
QPM grating and can be expressed in terms of coherence length cml2=Λ . It should be 
noted that Eq. (1.1) is the phase mismatch over many periods, not that in a single-domain 
region of the periodic QPM structure. 
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1.1.2. Analysis of QPM structure by Fourier-transform approach 
 
In the reciprocal k -space, a 1D periodic QPM structure with periodicity Λ  can be 
converted to a 1D periodic structure with periodicity Λ/2π . As the consequence of the 
periodic structure, there exists a series of reciprocal vectors in this 1D periodic structure 
given by Λ=
π2mqm , where the integer m  denotes the order of the reciprocal vector. The 
QPM process therefore consists of finding a reciprocal vector mq  that will equalize to the 
wave vector mismatch k∆ ; and at the same time, the Fourier coefficient of this reciprocal 
vector should be large enough to ensure good conversion efficiency. For a given 
reciprocal vector mq , its Fourier coefficient can be obtained by Fourier transform of its 
relevant QPM structure.  
                     ∫ −= L mm dxxiqxfLqG 0 )exp()(1)(                                        (1.2) 
where L  is the length of QPM structure, and )(xf  is the spatial function describing the 
polarization distribution in QPM structure. For the periodic QPM structure, the spatial 
function can be written as 







xxxf int42int21)(                                   (1.3) 
where )int(x  takes the value of the largest integer x≤ . The spatial function )(xf  only 
takes the values +1 or -1 that represent the two inverse polarization directions in 
ferroelectric materials. Using Eq. (1.2), the Fourier coefficient can be written as  
)sin(2)( Dm
m
qG m ππ=                                              (1.4) 
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where D  denotes the duty cycle, which is defined as the ratio between the length of the 
positive domain and the periodicity Λ . As shown in Fig. 1.1, the duty cycle D  is defined 







Fig. 1.1 Schematic diagram of periodic QPM structure 
 
 
Eq. (1.4) illustrates several important concepts of QPM theory. Firstly, the 
sinusoidal component is determined by the product of order number m  and duty cycle D . 
For the case of πnmD = , where n  is an integer, the Fourier coefficient )( mqG  equals to 
zero, while for the case of π)2/1( ±= nmD , the Fourier coefficient )( mqG  equals to 
πm/2 . Secondly, the Fourier coefficient )( mqG  is inversely proportional to the order 
number m . It is evident that the maximum value of Fourier coefficient achieved in 
periodic QPM structure is π/2 , when  1=m  and 2/1=D . This explains why practically 
the first order QPM with duty cycle of 1/2 is used to realize various parametric processes. 
From the definition of QPM structure, it is obvious that when 2/1=D , domain 
polarization is inverted every coherence length cl . Accordingly, the QPM structure with 
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The limit of periodic QPM structure is evident. From Eq. (1.4), it is seen that for 
the perfect periodic QPM structure, i.e., 2/1=D , the magnitude of Fourier coefficient of 
reciprocal vector mq  decreases linearly with the order number m , as shown in Fig. 1.2. 
To ensure energy conversion efficiency of parametric process, normally only the first 
order reciprocal vector 1q  is used to realize QPM in NLPC. Although perfect QPM 
structure is preferred to the single parametric process in NLPC, the application of QPM 
in many areas such as multiple-frequency mixing, wide bandwidth conversion, and 
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1.2. Theoretical considerations of quasi-phase-matched parametric process  
 
1.2.1. Introduction of parametric process 
 
In general words, parametric processes in nonlinear optical medium include sum 
frequency mixing (SFM), SHG, difference frequency mixing (DFM), optical parametric 
amplification (OPA), and optical parametric oscillation (OPO). The detailed theories of 
the above parametric process have been presented by Shen [1.71]. Here in this part we 
just give the general physical description of these processes. 
 The physical interpretation of SFM is straightforward. The laser beams at 
frequencies of  1ω  and 2ω  interact in a nonlinear optical crystal and generate a nonlinear 
polarization )( 213
)2( ωωω +=P . The latter being a collection of oscillating dipoles acts 
as a source of radiation of a electromagnetic field with frequency at 213 ωωω += . In 
general, the radiation could appear in all directions; the radiation pattern depends on the 
phase-correlated spatial distribution of )( 3
)2( ωP . With appropriate arrangement, however, 
the radiation pattern can be strongly peaked in a certain direction. This can be determined 
by phase matching conditions.  As indicated above, for effective energy transfer from the 
fundamental waves at 1ω  and 2ω  to the generated wave at 3ω , in the SFM as shown in 
Fig. 1.3, both energy and momentum conservation must be satisfied. The energy 
conservation requires 213 ωωω += , while the momentum conservation requires 
213 kkk
rrr += . The latter indicates that the SFM radiation is most effectively generated in 
the so-called phase-matching direction defined by 213 kkk
rrr += . 







Fig. 1.3 Schematic description of SFM 
 
With the substitutions of 21 ωω =  and 213 22 ωωω == , as well as 213 ωωω −= , the 
theory of SHG and DFM follows almost exactly that of SFM. 
 The three-wave interaction discussed above is manifested by energy flow from 
two lower-frequency fields to the sum-frequency field or vice-versa. The latter (including 
DFM, OPA, and OPO) can be considered as the inverse process of sum-frequency. The 
general theory of OPA process is almost the same as that for DFM. The only difference of 
the two processes is in the input conditions. We normally consider OPA as a process 
initiated by a single pump beam, while DFM is initiated by two pump beams of more or 
less comparable intensities. In OPA process, the interacting waves only pass through the 
nonlinear crystal one time. An optical cavity can be used to realize multiple-propagation 
of waves inside the crystal and increase the overall gain of OPA process. Then, OPO 
process occurs. Parametric fluorescence is the initial stage of OPO or OPA process. In 
fact, the OPO and OPA processes occur through amplification of noise photons initiated 
by parametric fluorescence. In parametric fluorescence, a photon at 1ω  is scattered into a 
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and 321 kkk
rrr += . The nonlinear optical emission in parametric fluorescence can be 
properly described only by quantizing the fields [71]. 
 
1.2.2.   Quasi-phase-matched SHG 
   
In this part, we will illustrate the quasi-phase-matched parametric process in 1D 
NLPC based on the SHG process. In SHG process, as shown in Fig. 1.4, a single pump 
wave, the fundamental at frequency ω , is incident on a nonlinear medium and generates 






Fig. 1.4 Schematic diagram of SHG 
  
From the classical Maxwell equation and considering the nonlinear optical effect, 
the propagation of light in nonlinear optical medium can be described by the below 














µεεµ                                     (1.5) 
Under the plane wave approximation and the slowly varying envelope approximation, 
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the energy coupling process between the fundamental and harmonic waves can be 



















ω ωχ                               (1.7) 
where n  denotes the refractive index and k∆  denotes the phase mismatch between the 
fundamental and harmonic waves.   
 In the scheme of QPM, the wave vector mismatch k∆  is offset by the periodic 
reversion of the second nonlinear susceptibility )2(χ . It is evident that realization of 
phase matching in the QPM scheme does not change the physical background of SHG, 
the modification is only the periodic spatial modulation of the direction of )2(χ , therefore 



















ω χω                             (1.9) 
 As mentioned in sections 1.1.2. and 1.1.3., the realization of phase-matching in 
the QPM scheme is equivalent as in the birefringence scheme only one exception of using 
the effective nonlinear optical coefficient to substitute the real second nonlinear 










=                                           (1.10) 










2 2=                                         (1.11) 
where the effective nonlinear optical coefficient )2(effχ  is defined as )2()2( χχ meff G= , where 
mG  is a factor from the Fourier transform of the QPM structure as indicated in Eq. (1.4). 
If in the scheme of small parametric gain, the small signal approximation (i.e., the 
≈ωE constant in the entire interaction length) can be used to simplify the coupling 
equations and an analytical solution can be obtained. But in a general case where 
fundamental depletion has to been considered, the coupling equations should be solved 
numerically. Fig. 1.4 shows the simulation results of SHG process in nonlinear optical 
medium for the cases of none phase matching, birefringence phase-matching, and QPM 











Fig. 1.5 Comparison of the parametric process in nonlinear optical medium for the cases of none 
phase matching, birefringence phase-matching, and QPM respectively. The simulation assumes 
that QPM and birefringence phase-matching use the same nonlinear optical coefficient. 



















 First order QPM
 Birefringence phase-matching
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 Fig. 1.5 clearly shows that the phase mismatch makes the photon energy flow 
change its direction between the fundamental and SHG waves every coherence length, 
and therefore it is impossible to get efficient SHG output. Achievement of phase-
matching both by birefringence and QPM scheme enables the photon energy keep 
continuous flow from the fundamental wave to the SHG wave. It should be noted that 
compared to the birefringence phase-matching scheme, although the effective nonlinear 
optical coefficient is reduced by a factor of mG , because QPM allows the coupling of the 
interacting waves through the largest element of  )2(χ  tensor, the entire efficiency of 
energy conversion should be larger. For example in LiNbO3, QPM with all interacting 
waves polarized parallel to the z  axis yields a parametric gain enhancement over the 
birefringence phase-matching of 20)/2( 2)2(31
)2(
33 ≈χχπ . Although the above analysis is 
based on SHG, it can be applied to all other parametric processes. The difference is only 
that different process has different coupling equations. 
 
1.3. Fabrication methods of NLPC 
 
Implementation of QPM requires a fabrication method that can achieve uniform 
micrometer-scale periodic structures while preserving the material’s transparency, 
nonlinearity, and power handling capability. QPM was initially proposed before 
birefringence phase matching, but difficulties in fabricating QPM structures have 
prevented its widespread use in bulk devices. Recent advances in fabricating practical 
QPM material have renewed interest in this approach. Ferroelectric materials have 
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attracted special attention due to the high nonlinear coefficient, high degree of optical 
homogeneity, wide transparency range from approximately 350nm to 5000nm, and good 
mechanical robustness. QPM can be implemented in ferroelectric materials such as 
LiNbO3 (LN), LiTaO3 (LT), KTiOPO4 (KTP), by periodic reversal of the ferroelectric 
domains because antiparallel domains correspond to a sign reversal of the nonlinear 
optical coefficient. 
Several techniques have been developed for producing periodic domain reversal 
in QPM structures. Chemical diffusion [1.72] has been used to make periodic structures 
of good quality; however, the pattern is limited to shallow layers which are sufficient for 
waveguide devices but not deep enough for bulk devices. Bulk QPM material has been 
fabricated by modulation of the crystal growth process [1.73], but it suffers from axial 
variations in domain periodicity that significantly degrades efficiency. Directly electron 
beam writing [1.74] can produce QPM structure in bulk material with good periodicity, 
but reproducibility is poor, and the process does not lend itself to commercial 
manufacturing. Recently techniques for ferroelectric domain reversal with an external 
electric field have produced QPM structure in LN, LT, KTP, etc [1.75-1.81]. In this 
approach, domain periodicity is precisely defined by a lithographic mask by standard 
microfabrication techniques. The spontaneous polarization of a ferroelectric crystal is 
reversed under the influence of a sufficiently large electric field. This technique is 
referred to simply as “electric poling”. In electric poling, the ability to define QPM 
structures with lithographic precision and produce uniform QPM periodicity render the 
fabrication of devices with long interaction lengths and high energy conversion efficiency 
possible, which otherwise can not be realized by other fabrication techniques. 
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1.4.    Microstructure design of NLPC 
  
The early studies of QPM focused mainly on the design and fabrication of devices 
with periodic structures. From the theory of Fourier transform, the key concept of QPM is 
to search for a reciprocal vector mq  that can equalize the wave vector mismatch k∆ ; and 
at the same time, the Fourier coefficient of this reciprocal vector should be large enough 
to ensure good efficiency. This concept, together with QPM fabrication technique, allows 
some degrees of flexibility in designing novel devices for parametric processes. One of 
the manifestations of this flexibility was the realization of multiple gratings of different 
QPM periods on a single LN chip. The design preserves the noncritical interaction 
geometry and allows wide wavelength tuning of the device by a simple transverse 
translation of the multiple grating crystal, which was first demonstrated by Myers et al. 
[1.82] and by now has become a standard practice. The utility of multiple QPM gratings 
goes beyond providing tunability of the device, e.g., engineered multiple gratings have 
been proposed for switching of quadratic solitons [1.83]. 
 As a further insight, the modulation of the nonlinear optical coefficients does not 
have to be restricted to uniform periodic structures. While uniform periodic modulation 
of the nonlinearity is most typical, nonuniform modulation can also be employed for 
tailoring the frequency response of a nonlinear optical device, as has been theoretically 
proposed and/or experimentally demonstrated with a number of new devices over the past 
several years. In 1984, Shechtman et al. reported the discovery of five-fold symmetry in 
Ai-Mn alloy; and proposed the concept of quasi-crystals [1.84]. From then on, large 
numbers of theoretical and experimental works have been done on the researches of 
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structures and spectra of quasi-crystals. In 1985 and 1986, the quasi-periodic 
semiconductor superlattice and metal superlattice were fabricated successfully [1.85, 
1.86]. In 1990s, Zhu et al. introduced the concept of quasi-periodic superlattice to 
dielectric material and fabricated the 1D NLPC with quasi-periodic QPM structure 
(domain arrangement accords to Fibonacci sequence) by electric poling method [1.87]. 
Since then, 1D NLPC with quasi-periodic QPM structure has been extensively applied to 
many research areas [1.88-1.102]. 
 Tracing the developments in the study of microstructure design of 1D NLPC in 
recent years, it is seen that the trend shows an ascending complexity from homogeneous 
crystals, NLPCs with periodic structure, NLPCs with quasi-periodic structure to NLPCs 
with aperiodic structure. Aperiodic QPM structure is essentially a laminar ferroelectric-
domain structure which is constructed by stacking a large number of two types of 
elementary ferroelectric domains of the same size but antiparallel in spontaneous 
polarization directions. The order of this stacking is determined by the specified 
parametric processes which can be reflected by a sequence function. Comparing with 
periodic and quasi-periodic structures, the advantages of aperiodic structure are threefold: 
more reciprocal vectors, flexibility over a wider range of wavelengths, and better 
uniformity in the Fourier coefficients of the reciprocal vectors. These considerations 
render aperiodic structure a truly viable design for various applications such as cascaded 
parametric process, multiple wavelength conversion, laser pulse bandwidth enhancement, 
ultrafast pulse shaping etc in 1D NLPC [1.103-1.112]. Another breakthrough is the design 
and fabrication of 2D NLPC [1.54-1.70]. In 2D NLPC, the interacting waves in a 
parametric process no longer propagate along one direction and the QPM condition is 
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realized in a plane. The primary advantage of the 2D NLPC is that it allows realizing 
efficient multiple parametric processes in different directions, which cannot be achieved 
by 1D NLPC. 2D NLPCs have been verified to be a valuable platform for the light-matter 
interaction in the nonlinear regime. Nowadays, both 1D and 2D NLPCs with various 
microstructure designs becomes more and more important in fundamental and applied 
research areas including spectroscopy, telecommunications, sensing and monitoring, 
astronomy, biological and medical sciences. 
 
1.5.    Outline of the thesis 
 
In this thesis, we systematically investigated the parametric processes in NLPCs 
with various microstructure designs. In Chapter 2, we realize the OPO operation in mid-
infrared region around 4µm with multiple QPM grating fabricated in MgO:LiNbO3. We 
achieve wide and smooth wavelength tuning from 1.44 to 1.58µm at the signal beam 
wavelength and from 3.28 to 4.11µm at the idler beam wavelength by both varying the 
temperature and translating the crystal through the resonator and the pump beam with no 
realignment required. At the same time, we present a comprehensive study of OPO output 
performance regarding the effect of mid-infrared absorption of idler beam, as well as the 
effect of structure deviation during poling process. The results reported in this work 
provide important considerations for the realization of compact, stable, and all-solid-state 
OPO in mid-infrared spectrum region. 
In Chapter 3, we demonstrate a systematic study of cascaded parametric 
downconversion in a 1D NLPC with aperiodic QPM structure. The aperiodic structure 
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provides an efficient approach to achieve cascaded parametric downconversion, due to 
the high gain, multiple-wavelength tunability, and enhanced output stability. It is obvious 
that the aperiodic structure design also can be applied to cascaded parametric 
upconversion by using coupling of quasi-phase-matching, without any limitations to 
special materials and to given fundamental wavelengths. Therefore cascaded parametric 
conversion process in an aperiodic structure may serve for a unique source in order to 
generate multiple correlated photon pairs covering a wide spectrum range, which is 
extremely useful for the study of quantum optics, including quantum cryptography, 
quantum interference, and quantum entanglement. 
Moving in Chapter 4, we investigate the quasi-phase–mismatch (QPMM) effect in 
1D NLPC and propose novel microstructure designs, the reset periodic structure and the 
cascaded periodic structure, for modulation of QPMM to achieve multiple parametric 
processes and bandwidth enhancement. Numerical Fourier analysis is adopted as an 
alternative approach for which small signal approximation is unavailable, and it is 
verified to be more general. 
In Chapter 5, the X-rays diffraction theory in atomic structure has been extended 
to investigate the light waves’ propagation and coupling in NLPC. It shows that the light 
wave in NLPC has full analogy to the X-rays in atomic structure, and the conventional 
QPM condition is actually a diffraction condition between the scattered wave and the 
lattice wave in NLPC. This study gives detailed investigation of light wave diffraction in 
NLPC and reveals the fundamental physics for multiple phase-matching resonance in 1D 
NLPC. At the same time, the photonic diffraction model gives a general approach to the 
analysis of the relative scattering intensity in NLPC. By using this model, the scattering 
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factor in 2D NLPC was investigated in detail, which is an essential factor for the design 
and fabrication of 2D NLPC.  
Finally in Chapter 6, we summarize the findings of the thesis. The directions for 
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Chapter 2  
MID-INFRARED OPO IN A MULTIPLE GRATING 1D NLPC 
WITH PERIODICALLY POLED MgO:LiNbO3 
 
2.1.    Introduction 
 
In many applications where current laser sources are unavailable or wide 
wavelength tuning is needed, OPOs are attractive sources that emit tunable, narrow line 
width, and coherent radiation with high average power or high pulse energy [2.1-2.20]. 
OPO operation, as one of the parametric processes, relies on the achievement of phase 
matching, i.e., photon momentum conservation, between the interacting waves. As 
discussed in Chap. 1, the phase matching strategies engaged within OPO can be either 
based on the birefringence of nonlinear medium, or on the other hand, the QPM, in which 
the accumulated phase mismatch is offset by modulating the second-order nonlinear 
coefficient ( )2(χ ) with a period twice the coherence length. We have also mentioned in 
Chap. 1 that the prominent advantages of the QPM over the birefringence phase matching 
have inspired extensive studies and rapid developments of technologies to produce 
periodically poled ferroelectric materials for implementation of QPM. And currently the 
most valid technology to realize QPM is by using electric poling to periodically reverse 
the sign of )2(χ . 
Among the commercial nonlinear ferroelectric materials, the congruent LN has 
been extensively employed to be the carrier of NLPC to realize QPM [2.21, 2.22], due to 
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its high nonlinear coefficient ( 2.2733 =χ pm/V), large degree of homogeneity and good 
optical quality, wide transparency range from approximately 350nm to 5000nm, and good 
mechanical robustness. However, a drawback of LN is its high coercive field (21kV/mm), 
which limits the thickness of poling to about 0.5mm. Another drawback is that the 
periodically poled LN (PPLN) suffers from photorefractive damage at room temperature. 
Therefore operation of this material has to be done at high temperature by using 
additional oven, which causes the OPO cavity to be more complex. Furthermore, if 
heating is not accepted in some applications, other techniques for reducing 
photorefractive damage have to be adopted. Magnesium oxide (MgO) doping has been 
verified to be an effective method to eliminate the above two drawbacks. MgO:LiNbO3 
(MLN) has coercive field of about 4.8kV/mm, which is only about 1/4 of LN’s coercive 
field. This permits the fabrication of larger aperture device for applications of high pulse 
energy or high average power. At the same time, MgO doping increases the conductivity 
of LN significantly, making the periodically poled MLN (PPMLN) to have much lower 
susceptibility to photorefractive damage, and it has been possible to construct a reliable 
OPO in this material at room temperature [2.23-2.33]. 
As we have mentioned above, OPO is an attractive source of coherent light 
radiation with narrow linewidth, wide tunability, and high average power or high pulse 
energy. Recently, there have been many important applications in military, industry, 
medical and biological science, as well as astronomy science driving the extensive 
researches to produce mid-infrared OPO operating at 3-5µm wavelength region. Since the 
sky transparency is high and the sky brightness is low in the wavelength region of 3.5-
4µm as shown in table 2.1, the infrared light source in this wavelength range has extreme 
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importance for military and astronomy sciences. For example, it can be used to generate 
the mid-infrared light signal to guide the airplanes, the satellites, the spaceships, and the 
missiles. On the other hand, there are currently many applications for bio-chemical 
sensing systems requiring coherent mid-infrared light sources in 3-5µm wavelength range. 
For example, they can be used to detect chemical or biological weapons, and can also be 
used to monitor potentially hazardous byproducts from factories. Or they can be used to 
identify moving objects by detecting the trace gases released by a jet fighter. 
 
 
Table 2.1 Infrared windows of atmosphere. 
 
 From discussions above and combining with the recent development in the diode-
pump solid-state laser (DPSSL), it is therefore possible to realize compact all-solid-state 
mid-infrared OPO operation in the 3-5µm range with NLPC fabricated using MLN (i.e., 
PPMLN). In this chapter, the DPSSL-pumped mid-infrared OPO operation is achieved in 
a multiple-grating PPMLN at room temperature. The PPMLN crystal is 1mm in thickness 
and 50mm in length, permitting large aperture application. We investigated the tuning 
performance and it’s relating factors. Wide wavelength tuning from 1.44 to 1.58µm at the 
signal beam wavelength and from 3.28 to 4.11µm at the idler beam wavelength was 
Wavelength 
range 
Band Sky transparency Sky brightness 
1.1-1.4µm J high low at night 
1.5-1.8µm H high low 
2.0-2.4µm K high low 
3.0-4.0µm L 3.0-3.5µm: fair 
3.5-4.0µm: high 
low 
4.6-5.0µm M low high 
7.5-14.5µm N 8-9µm and 10-12µm: fair 
others: low 
very high 
17-40µm 17-25µm: Q 
28-40µm: Z 
very low very high 
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realized by both varying the temperature and translating the crystal through the resonator 
and the pump beam with no realignment required. The signal and idler wavelength tuning 
range lies in the ‘H’ and ‘L’ bands of the infrared window respectively, as shown in table 
2.1, making this OPO a potential light source for infrared astronomy, environment 
monitoring, military, bio and chemical sensing etc. The output performance and the effect 
of mid-infrared absorption of idler beam near the transparency edge were also 
investigated. 
 
2.2.    Sample preparation 
 
Fig. 2.1 illustrates the schematic diagram of electric poling circuit. The pulse 
generator provides an electric field with rectangular voltage profile, which is further 
amplified by a voltage amplifier to exceed the coercive field of ferroelectric crystal. It is 
then applied to the ferroelectric crystal to reverse its spontaneous polarization. The pulse 
width of the electric field can be adjusted to control the poling time st . sR  is a series of 
resistors to protect the entire circuit under the short circuit condition. In order to stabilize 
the domain inversion, a series of diodes is used to prevent the back-switch effect due to 
the capacitance within the structure.  
Fig. 2.2 illustrates the standard electrode setting for the electric poling experiment. 
Normally in order to provide external electric field which is inverted to the spontaneous 
polarization, the +C surface of ferroelectric crystal (the surface perpendicular to the 
spontaneous polarization direction) is connected to the positive side of the power supply 
while the –C surface is connected to the negative side. The poling process can be 
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achieved by applying a single electric field pulse, or on the other hand, by a series of 
short electric field pulses. 
The entire poling process of domain inversion can be viewed from the 
oscillograph as shown in Fig. 2.3. The poling current is essentially due to the electric 
charge transport to the sample surface in order to neutralize the original screen charge 
and further more to provide the screen charge for the polarization reversal. The total 
charge required is given by  
APIdtQ s∫ == 2                                                 (2.1) 
 where sP  represents the spontaneous polarization and A  is the total area of the reversed 
domain. By controlling the poling time st , i.e. pulse width of the poling voltage, we can 
control the total charge transferred for domain reversal in accordance with the pre-
designed QPM structure. 
The poled crystal was firstly etched for two hours at room temperature in mixed 
HF+HNO3 acid with ratio 1:2. After etching, the two crystal surfaces (x-surface) were 
polished and then triple-band coated for high transmission at pump, signal and idler 
beams, in order to get better conversion efficiency. The PPMLN is 50mm in length, 
10mm in width, and 1mm in thickness. There are six 1.5mm-wide gratings separated by 
0.1mm on PPMLN. The grating periods are 30, 29.76, 29.49, 29.22, 28.95, 28.66µm 
(numbered from 1 to 6) which correspond to idler wavelength outputs at 3.6, 3.7, 3.8, 3.9, 
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Fig. 2.3 The domain reversion process during the electric poling 
 
 
2.3.     Theoretical description and experimental setup 
  
 We consider a collinear singly resonant configuration, as shown in Fig. 2.4, where 
the fundamental, signal, and idler beams propagate along the x axis with polarization 
along the optical axis (z axis) of the crystal. Due to the parametric fluorescence [2.34] 
effect, the fundamental photons firstly decay into pairs of signal and idler photons under 
the restrictions of energy and momentum conservation. The OPO cavity mirrors are 
coated to have high reflectivity at the signal beam. When the energy of the fundamental 
pump beam reaches beyond the OPO cavity threshold, the gain of the signal beam 
overcomes its round trip loss, OPO oscillation then sets up, i.e., the signal beam begins to 
oscillate. Beyond the threshold, the left energy of the pump beam is transferred to the 
Poling current I 
Poling voltage 
Poling time ts 
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Incident pump Transmitted pump 
Signal 
Idler 
Nonlinear optical crystal 
Mirror Mirror 
signal and idler beams and both of the amplified signal and idler beams are extracted out 










Fig. 2.4 Schematic diagram of singly resonant OPO configuration 
 
 
In the QPM OPO configuration, the wave vector mismatch k∆  can be written as 
Λ−−−=∆
πmkkkk isp 2                                           (2.2) 
where pk , sk , and ik  are wave vectors of the pump, signal, and idler waves. Λ  is the 
period of the QPM grating. It should be noted that the QPM OPO theory is not valid for 
the case of high energy conversion, where the signal and idler beams act back on the 
pump beam, changing its phase and effectively changing the coherence length. Another 
thing is that Eq. (2.2) is the phase mismatch over many periods, not that in a single-
domain region of the periodic structure. Local variation of the fields may be important for 
some details of QPM OPO behavior, but this analysis is limited to a treatment of the 
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The operation point as well as the wavelength tuning of QPM OPO can be 
obtained when both of the photon energy conservation and photon moment conservation 
are achieved. That is, for a given pump beam and QPM grating, a pair of signal and idler 
beams can be induced by satisfying the equations of isp ωωω hhh +=                        
and iisspp nnn λλλ ///1/ +=Λ− . The refractive indices pn , sn , and in  are related to 
the OPO operation temperature via the Sellmeier equation. The multiple-grating QPM 
OPO adopts the linear cavity configuration, as shown in Fig. 2.5. The pump source is a 
DPSSL operating at 1.064µm with 100ns pulse width at 5kHz repetition rate.. The laser 
beam was lightly focused to a 150µm spot in the PPMLN crystal. The linear OPO cavity 
was singly resonant at the signal wavelength. The two cavity windows are plane-concave 
mirrors with a 10cm radius of curvature, and were separated by 102mm. Both cavity 
mirrors were coated for high reflectivity (>99.5%), centered at 1.5µm with a 200nm 
bandwidth, to resonate the signal beam. Furthermore, both the input and output cavity 
mirrors M1 and M2 were coated for broadband high transmission at the pump beam 
(tp≈98%) and the idler beam (ti≈97%) respectively. In Fig. 2.5, a telescope system was 
followed by a mode matching lens, which focus the waist radius of the pump Gaussian 
beam down to the waist radius of the OPO cavity. The output beams from OPO cavity 
pass through a band filter, where only the signal beam was selected. Finally, the signal 

















Fig. 2.5 Schematic diagram of optical layout of OPO experiment. 
 
2.4.    Results and discussions 
 
2.4.1.   OPO spectrum measurement 
 
OPO was observed when the oscillation threshold was achieved. Stable signal and 
idler beam output were maintained for an overnight period of more than 15 hours. The 
typical measured signal spectrum of the six gratings on PPMLN at room temperature is 
shown in Fig. 2.6. The stable OPO operation in our work confirms that MgO doping can 
effectively reduce the CLN susceptibility to photorefractive damage and therefore ensure 
the reliable PPMLN OPO operation at room temperature.  
In the experiment, the measured bandwidths of the six signal beams are 
nms 823.0
1 =λ , nms 71.02 =λ , nms 655.03 =λ , nms 597.04 =λ , nms 573.05 =λ , and 
nms 528.0
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∂+−=                               (2.3) 
where L  denotes the entire length of the crystal. Eq. (2.3) yields nms 702.0
1 =λ , 
nms 645.0
2 =λ , nms 593.03 =λ , nms 547.04 =λ , nms 507.05 =λ , and nms 47.06 =λ , which 
presents relative good fit on the theoretical calculation. The deviation might due to the 
low resolution (1nm) of our spectrometer. At the same time, we can see that the signal 
bandwidth monotonically increases with the increase of signal wavelength. In theory, the 
signal and idler wavelengths cannot be distinguished at the degeneracy point and the 
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2.4.2.    Wavelength tuning 
 
As shown in Eq. (2.2), the inclusion of the reciprocal vector of the QPM grating 
in the phase mismatch expression is a powerful mechanism for achieving phase matching 
because it can be controlled by the OPO designer. In contrast with the temperature and 
angle tuning, control of the reciprocal vector means that an efficient QPM interaction 
does not have to rely on inherent material properties. On the other hand, it offers a 
powerful method to realize wide and smooth tuning by combining with the temperature 
tunability. Fig. 2.7 shows the tuning performance of the signal and idler beams in the 
PPMLN OPO by both temperature and grating tuning. With the temperature changing 
from room temperature to 200°C, the six gratings on PPMLN can achieve wide and 
smooth wavelength tuning from 1.44 to 1.58µm at the signal beam and from 3.28 to 
4.11µm at the idler beam respectively. Obviously, the tuning range of the idler beam 
(about 830nm) is wider than that of the signal beam (about 140nm). The temperature 
tuning ability shows an infrared suppression effect. It is seen (as shown by the blue 
projection lines in grating-wavelength plane in Fig. 2.7) that in the same temperature 
varying range, the wavelength tuning tolerance becomes narrower as the center 
wavelength goes deeper into the mid-infrared spectrum range.  
The measured wavelength tuning performance was analyzed by using recently 
















+++=                    (2.4) 
where λ  denote the wavelength and )82.570)(5.24()( +−= TTTf  is the temperature 
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Table 2.2 Coefficients for Sellmeier equation of 5 mol% MLN 
 
As shown in Fig. 2.8. It is seen that for all the six gratings, the measured data and the 
calculation results of the signal and idler wavelengths show great consistency at low 
temperature. As the working temperature increases, the deviation of the measured data 
from the Sellmeier equation becomes obvious. In our analysis, the possible reasons for 
this deviation are partly from the thermal expansion of QPM gratings at high temperature, 
the deviation of the grating period from the designed value during the poling process (as 
discussed below), while on the other hand, the dominant reason for this deviation may be 
attributed to the temperature dependent component )82.570)(5.24()( +−= TTTf  of 
Sellmeier equation [2.35]. The author used the same temperature component as that for 
LN, and thus might cause experimental inconsistency with theoretical calculation. This 
temperature component might require further improvement for better theoretical fitting. 
On the other hand, the fluctuation effect of grating periodicity during poling 
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idler beams are about 1.64nm and 13.3nm respectively. It is indicated that the idler beam 
shows higher degree of sensitivity to the small derivation of grating period as compared 
to the signal beam. Furthermore, as the wavelength of the idler beam increases (the 
corresponding signal beam wavelength decreases), the sensitivity to the fluctuation of the 
grating period becomes more obvious. The reason for this phenomenon is that the six 
gratings on the multiple-grating chip were poled simultaneously. Therefore, the 
fluctuation during the poling process which will be same for all the gratings will bring 
stronger effect on the grating with small period (longer idler wavelength) than on the 





























































Fig. 2.7 OPO tuning performance by both changing temperature and translating QPM gratings for 















































































Fig. 2.8 The comparison between the measured wavelength tuning performance and the 

























































































2.4.3.    OPO output performance 
 
In the experiment, we also studied the output performance of OPO operation in 
PPMLN. The OPO output was investigated by varying the parameters of input pumping 
power and QPM grating (i.e. different wavelength range) respectively, as shown in Fig. 
2.10. The results clearly indicate that the linear absorption of the idler beam is a crucial 
factor that affects the OPO operation in mid-infrared region in PPMLN. This linear 
absorption in ferroelectric material mainly comes from the multiple-phonon interaction 
between lattice vibration and incident laser beam. And near the mid-infrared cutoff of the 
transparency range, the linear absorption experiences a sharp increase at wavelength 
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around 4µm [2.1], which results in a dramatic decrease of the OPO output beyond this 
wavelength as shown in Fig. 2.10. The strong IR absorption also causes the OPO 
threshold to have a sharp increase near the cutoff edge. For example, by using 
extrapolation method, the OPO oscillation threshold, which was about 15mW for 3.6µm 
idler wavelength output at room temperature, dramatically increased to about 396mW for 
4.1µm idler wavelength output. The idler beam absorption can be efficiently suppressed 
by using the cascaded parametric interaction scheme [2.4, 2.35, 2.36]. On the other hand, 
since the strong IR absorption comes from the multiple-phonon absorption, a reduction in 
IR absorption and an increase in the conversion efficiency of OPO operation around mid-
infrared transparency cutoff may be achieved via lowering the OPO working temperature 












Fig. 2.10 Dependence of signal beam output power on the input pump power. 
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In OPO, each fundamental photon decays into a pair of signal and idler photons 
under the restrictions of energy and momentum conservation. From this correlation 
relationship, the output power of the idler beam therefore can be obtained by converting 
the output power of the signal beam via the ratio of their frequencies. At room 
temperature, the total OPO conversion efficiency (signal and idler) for the six gratings 
(corresponding to the central idler beam wavelength from 3.6 to 4.1µm in 0.1µm step) are 
13.53%, 11.78%, 12.38%, 11.54%, 9.12%, and 4.21% respectively when the pump laser 
source operates at 5kHz and has 3.4W output. Again, we see that the IR absorption of the 
idler beam causes a dramatic decrease of conversion efficiency beyond 4µm wavelength.  
The factors contributing to the above modest conversion efficiency are twofold. 
Firstly, we use output cavity coupler with very high reflectivity (>99.5%) for the signal 
beam, therefore most of the photon energy stores in the OPO cavity. Secondly, the large 
spot size of the pump beam in the crystal (150µm-diameter beam spot in PPMLN) and 
the wide pulse duration (100ns) cause the peak energy to be sufficiently low. The 
performance can be further improved with straightforward changes. (i) A suitable output 
coupler will help to extract more energy out of the cavity and increase the conversion 
efficiency. (ii) The conversion efficiency can be also increased by using a dedicated 
DPSSL laser with narrow pulse duration, compressing the beam spot size inside the 
crystal. (iii) Optimizing the Gaussian mode match between the OPO cavity and the lens 
in front of the cavity will help to make the OPO operate at the optimal point and increase 
the conversion efficiency. 
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2.5.    Summary 
 
In this work, with DPSSL laser pump we realized an efficient and stable OPO 
operating at mid-infrared wavelength region. The results indicate that PPMLN is a more 
suitable material for OPO operation as compared to PPLN, since it permits the efficient 
operation at room temperature and poling with low coercive field. We also performed 
wide tunability by both changing the temperature and translating multiple-grating chip. 
Smooth tuning can be achieved from 1.44 to 1.58µm at the signal beam wavelength and 
from 3.28 to 4.11µm at the idler beam wavelength. The effect of period fluctuation during 
poling process on the tuning performance was discussed. The output performance of 
PPMLN OPO in mid-infrared region including the transmission edge was investigated. 
The study in this work shows that DPSSL laser is an efficient pump source for OPO 
operation due to its good beam profile, narrow linewidth, and high repetition rate. The 
results reported in this work also provide important considerations for the realization of 
compact, all-solid-state OPO in mid-infrared spectrum region in multiple grating NLPC 
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Chapter 3 
CASCADED PARAMETRIC DOWNCONVERSION IN A NLPC 




 Both the OPO and OPA processes begin with the parametric fluorescence, where 
fundamental photons, in effect, decay into pairs of ‘signal’ and ‘idler’ photons under the 
restrictions of energy and momentum conservation [3.1]. Since the frequencies of both 
the signal and idle beams are lower than the fundamental frequency, the OPO and OPA 
processes are normally defined as parametric downconversion (PDC) process. As the 
recent advance in materials for nonlinear optics shows an ascending complexity from 
homogeneous crystal, NLPC with periodic QPM structure [3.2-3.10], NLPC with quasi-
periodic QPM structure [3.11-3.15] to NLPC with aperiodic QPM structure [3.16-3.20] 
for advantages of abundant reciprocal space structure, flexibility over a wider range of 
wavelengths, and better uniformity in the Fourier coefficients, we therefore extend the 
study of parametric process in NLPC from uniform modulation of nonlinearity, as 
discussed in Chap. 2, to nonuniform modulation.  
 In 1997, Zhu et al realized a cascaded quasi-phase-matched parametric 
upconversion in their seminal work [3.4]. In this chapter, we will use a NLPC with 
aperiodic QPM structure fabricated in MLN to achieve a QPM cascaded parametric 
downconversion (C-PDC). Two predesigned reciprocal vectors co-exist there, one for the 
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OPA of signal and idler photons initiated by parametric fluorescence, and the other for 
the further downconversion by DFM of the signal and idler frequencies.  
 The aperiodic structure provides an efficient approach to achieve C-PDC. It 
provides flexibility to choose any wavelength in the transparent range of material for C-
PDC as compared to the periodic and quasi-periodic structures. In our work, we achieve 
efficient multiple-wavelength parametric downconversion in a wide spectrum range by 
adjusting the structure parameters. We found that the parametric downconversion at the 
idler frequency has enhanced conversion efficiency as compared to that of the same 
wavelength generated via single parametric process. Furthermore, it is seen that C-PDC 
in the aperiodic structure can serve as an efficient mechanism for increase the 
propagation length of far-infrared wave in a nonlinear optical medium. 
 
3.2.    Theoretical description of C-PDC in aperiodic QPM structure 
  
The aperiodic QPM structure is essentially a laminar ferroelectric-domain 
structure, first proposed by Zhu et al [3.4]. In real space, the aperiodic structure is 
constructed by stacking a large number of two types of elementary ferroelectric domains 
of the same size but antiparallel in spontaneous polarization directions, as shown in Fig. 
3.1(a). The stacking sequence is determined by the specified parametric processes which 
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Here, )/int(4)/2int(21)( Λ+Λ−=Λ PPPH , and 2/)/int( ddxdP += . ( )xint  takes the 
greatest integer ≤ x. d  is the length of the elementary domain and )1,0(∈τ  is a coupling 
factor. In this work, the incoming photons at 0.9µm are downconverted to produce a 
signal at 1.489µm, an idler at 2.275µm and a frequency difference at 4.309µm by C-PDC 
as shown in Fig. 3.1(b). The QPM conditions are 01 =−−−=∆ OPAisf Gkkkk  and 
02 =−−−=∆ DFMdis Gkkkk , where fk , sk , ik , dk  represent the wave vectors of the 
fundamental, signal, idler, and frequency difference beams respectively. OPAOPAG Λ= /2π  
and DFMDFMG Λ= /2π  are the reciprocal vectors provided by aperiodic QPM structure, 
where periods OPGΛ  and DFMΛ  are 26.06µm and 31.75µm. d  is set to be 10µm as 
limited by the poling process. Then numerical iteration of parameters τ  in Eq. (3.1) 
shows that when 63.0=τ , Fourier coefficients of the two processes can be maximized 
around 0.4 and 0.38 respectively. The Fourier spectrum of the spatial function Eq. (3.1) is 




























Fig. 3.1 (a) Schematic diagram shows an aperiodic QPM structure composed of building block d , 
modulated by the spatial function. The arrows indicate the directions of spontaneous polarization 
in ferroelectric materials. (b) Schematic diagram of the cascaded process in an aperiodic QPM 
structure. There are two predesigned reciprocal vectors OPAG  and DFMG  which are used to 
compensate for the phase-mismatching in the OPA and the DFM processes respectively. Thus two 












Fig. 3.2 Fourier spectrum of the spatial function (Eq. (3.1)) in reciprocal space. 
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3.3.    Realization of C-PDC for multiple parametric downconversion   
 
An aperiodic QPM structure with the above structure parameters was fabricated 
using electric poling technique as described in Chapter 2 at room temperature in single 
MLN crystal. The resulting sample is 1mm in thickness and 50mm in length. An OPO 
system operating at 10Hz generates a 0.9µm fundamental pulse with duration of 4ns. A 
telescope system with a compression ratio of 8:1 was used to limit the angular aperture of 
the fundamental beam in the crystal. Then the beam was focused by a convex lens and 
coupled into the sample with a beam waist of 100µm. The spectrum was detected by a 
near infrared spectrometer with cooled InGaAs sensor.  
The typical measured spectrum of the signal beam is shown in Fig. 3.3. The 
central wavelength is 1.49µm with a bandwidth of around 9nm. The measured signal 
bandwidth can be analyzed by [3.1] 





ddkddka ωω ωω −= , and 2/12/10 ))0(()/(2 feffisfis Idnnng ωω= . The 
above equation yields nms 72.7≈∆λ . Considering the resolution of our spectrometer 
(7nm), the theoretical calculation presents a relative good agreement with the measured 
data. Limited by the operating range of our spectrometer, idler beam at 2.501µm and 
frequency difference beam at 4.309µm could not be detected. But one can estimate their 
















Fig. 3.3 Signal spectrum observed at room temperature. 
 
 
The coupling equations for the C-PDC under plane-wave approximation can be 
written as 
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where OPAg  and DFMg  are the Fourier coefficients of the two nonlinear processes. The 
large group-velocity mismatch, which results in submillimeter interaction length for 
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femtosecond and picosecond pulses, is not an issue with ns pulse. The simulation was 
performed by considering the absorption of the frequency difference beam ( 13.0 −≈ cmα  
at 4.3µm [3.21]) and the initial signal and idler photons as quantum noise photons [3.1]. 
  The immediate effect of the C-PDC in an aperiodic QPM structure is the efficient 
multiple parametric downconversion. This multiple parametric downconversion results 
from two factors. Firstly, it is seen that the two coupled nonlinear processes can lead to 
the triple-wavelength parametric downconversion at the signal, idler, and frequency 
difference wavelengths respectively. The fundamental wavelength for the C-PDC process 
can be further extended by downconversion to a longer wavelength in the deep infrared 
region compared to that by the PDC. This is illustrated in the following calculation, 
where besides the near-infrared radiation of the signal and idler waves, a mid-infrared 
radiation at 4.309µm (Fig. 3.4(a)) is generated. Secondly, due to abundant reciprocal 
vectors in an aperiodic QPM structure, the fundamental wave can simultaneously induce 
multiple OPA processes and so multiple-wavelength downconversion around the signal 
and idler wavelengths is achieved. We experimentally measured signal outputs at 1.1µm, 
1.057µm, and 1.03µm with bandwidths of about 1nm, 0.7nm, and 0.55nm respectively. It 
is clear that the bandwidth monotonically increase with the increase of signal wavelength. 
In theory at the degeneracy point, the signal bandwidth reaches its maximum value, and 
the signal and idler will not be distinguishable. By calculating the QPM condition 
including MLN dispersion feature [3.22], the existence of these wavelengths is due to the 
multiple QPM conditions satisfied by employing reciprocal vectors G5 to G8 as shown in 
Fig. 3.2 (wavelengths corresponding to G7 and G8 could not be distinguished due to 
limited resolution of our spectrometer).  
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Another salient feature of the C-PDC is that the parametric downconversion at the 
idler frequency has enhanced conversion efficiency compared to that of the same 
wavelength generated via the PDC. This enhancement is due to the double amplification 
of the idler beam via two cascaded nonlinear optical processes. It is obvious that in the 
cascaded DFM process, the signal beam acts as the ‘fundamental’ and the idler beam act 
as the ‘signal’, thus again the idler beam is amplified. The C-PDC process in an aperiodic 
QPM structure has further interesting consequence regarding the idler output. The beating 
of frequency difference beam with low conversion efficiency (due to low photon energy) 
can offset the direct effect of complete fundamental depletion on the idler beam, thus 
cause parametric downconversion at the idler frequency to sustain for a much wider 
region in an aperiodic QPM structure than in a periodic structure. The simulation result of 
Eq. (3.3) clearly shows this effect as shown in Fig. 3.4(a). The same effect can be 
observed when the value of pump energy varies in a considerable range. The 
measurement of the idler output under different pump energy was performed by using a 
band-pass filter and a pyroelectric detector. In Fig. 3.4(b), there is a horizontal shift 
between the measured data and the calculated curve. This horizontal shift can be 
understood by considering the increase of the C-PDC threshold due to the fundamental 
propagation loss in the optical scheme and the Fresnel loss at the uncoated input face of 
the crystal (estimated to be about 15%). The reduction of the measured output energy can 
be attributed to the energy conversion in the cascaded parametric process, the Fresnel loss 
of the idler beam at the uncoated output surface (as before, about 15%), and transmission 
of the filter (85%). From Fig. 4(b) we can see that the idler output is roughly stabilized 
for a considerably wide region (from about 130µJ to 170µJ). This reduced output 
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sensitivity to the variation of fundamental energy leads to the efficiently stable parametric 





















Fig. 3.4 (a) Simulation result of Eq. (3.3) in a 50mm-long aperiodic QPM structure. Black-dotted 
curve for signal beam. Black-solid curve for idler beam. Black-dashed curve for frequency 
difference beam. The blue-solid curve for idler beam in periodic structure. (b) Output energy of 
idler beam under different input energy in the aperiodic QPM structure. 
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3.4.    THz propagation via C-PDC in aperiodic QPM structure  
 
Terahertz radiation has potential for revolutionary new uses in spectroscopy and 
imaging, in much the same ways as IR and X-ray had led us to new spectroscopy and 
imaging techniques. The terahertz range covers approximately 0.1 to 10 THz. Biomedical 
imaging and genetic diagnostics are two of the most obvious potential applications of this 
technology, but equally promising is the ability to investigate material characteristics, 
probe distant galaxies, and study quantum interactions of nanostructured semiconductor. 
On the other hand, THz is also transparent to a whole set of liquids and solids, allowing it 
too see through many opaque objects such as matchboxes, suitcases, and clothing. 
As mentioned above, C-PDC can be used to extend the fundamental wavelength 
to deep infrared region. It is further seen that C-PDC can serve as an efficient mechanism 
for enhancing the propagation of far-infrared wave in a nonlinear optical medium. 
Normally due to very strong absorption, propagation of far-infrared wave in a nonlinear 
optical medium is greatly attenuated. For example, in the common THz generation via 
optical rectification (which is essentially a DFM process) in congruent LN [3.22-3.30], 
strong exponential absorption LTHze α−  ,where the absorption coefficient THzα is about 
20cm-1 for 1.2THz [3.31], overwhelms nonlinear gain. Such absorption of the THz 
photon energy will be converted ultimately into thermal energy, leading to a ceasing of 
the parametric interaction over just a very limited length in a periodic QPM structure as 
shown in Fig. 3.5 (a). While in C-PDC, the driving source of THz, the signal and idler 
waves, have negligible absorption and their interaction with the fundamental wave is only 
marginally affected by the THz wave due to its low photon energy. The continuous 
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oscillation of the signal and idler waves thus amount to a continuous driving source for 
the THz wave in the entire crystal. The length-dependent attenuation can be efficiently 
avoided and consequently THz wave can propagate over a long distance in the aperiodic 

































































Fig. 3.5 Simulation of 1.2THz propagation in (a) a periodic QPM structure and (b) an aperiodic 
QPM structure. The nonlinear optical medium is congruent LN and the refractive index for THz 
beam is about 5.2 [3.31]. 
 
 
3.5.    Summary 
 
The aperiodic QPM structure is an efficient approach to achieve C-PDC, due to 
the high gain, multiple-wavelength tunability, and enhanced output stability. It is obvious 
that the aperiodic QPM structure design also can be applied to cascaded parametric 
upconversion by using coupling of QPM, without any limitations to special materials and 
to given fundamental wavelengths. Therefore cascaded parametric conversion process in 
a NLPC with aperiodic QPM structure may serve for a unique source in order to generate 
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multiple correlated photon pairs covering a wide spectrum range, which is extremely 
useful for the study of quantum optics, including quantum cryptography [3.32], quantum 
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Chapter 4 
PARAMETRIC PROCESS WITH QUASI-PHASE-
MISMATCH EFFECT IN NLPC 
 
4.1.    Introduction 
 
As indicated in above chapters, the key of study parametric process in NLPC is 
the investigation of the interactions between wave vectors of classical waves and 
reciprocal vectors of QPM structure of NLPC. In the QPM scheme of nonlinear optics, 
the interactions have led to new laser frequency generators and converters from a number 
of periodically poled ferroelectric crystals such as LN [4.1], LT [4.2], and KTP [4.3]. 
These new laser frequency generators and converters are attractive sources of coherent 
radiation in applications for which laser sources are unavailable or for which a wide 
bandwidth and tunable range is needed. 
In the periodic scheme, QPM is achieved by offsetting the wave vector mismatch 
between the interacting waves via the reciprocal vectors of the QPM structure. However, 
phase mismatch is a ubiquitous effect since any experimental uncertainty, such as the 
non-ideal nature of the domain inversion, a variation of the superlattice length during the 
poling process, the fluctuation of the cavity and the pump source, will result in an 
additional phase mismatch in the QPM structure. On the other hand, this additional phase 
mismatch is an essential factor related to the requirement of wide bandwidth and tuning, 
as well as the cascaded nonlinear interactions [4.4-4.10]. The accumulation of this 
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additional phase-mismatch in the periodic QPM structure will induce the quasi-phase-
mismatch (QPMM) effect. Till now, much effort has been devoted to developing the 
QPM technique in NLPC with various QPM structures [4.11-4.17], whereas the study of 
the QPMM effect has so far been overlooked. In this chapter, the QPMM effect in 1D 
NLPC is investigated. Effective modulations of QPMM by microstructural designs can 
result in the enhancement in bandwidth and multiple-mode conversion in the )2(χ  
induced parametric processes.  
 
4.2.    QPMM effect in NLPC with periodic QPM structure 
 
4.2.1.  First-order QPM condition in periodic QPM structure 
 
In periodic structure, normally only the first-order QPM condition is employed to 
compensate the wave vector mismatch of the interacting waves. For example, consider 
the DFM process. Under the first-order QPM condition, the wave vector mismatch of the 
pump, input signal, and converted output beams is compensated by the reciprocal vector 
of the superlattice defined by 0/2 Λπ , where 0Λ  is the period of the first-order QPM 
superlattice. Under the plane wave approximation and the slowly varying envelope 
approximation, the coupling equations are given by 







































                 (4.1) 
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here pn , sn , outn ; pω , sω , outω represent the refractive index, angular frequency of the 
pump, signal, and output beams respectively. c  is the speed of light in vacuum, and effd  
is the effective second-order nonlinearity. )(xf  is the spatial function that modulates the 
sign of effd  in the superlattice and is defined by 









int42int21)( xxxf         (4.2) 
where )int(x  takes the value of the largest integer x≤ . The spatial function )(xf  only 
takes the values +1 or -1 that represent the two inverse polarization directions in 
ferroelectric materials. 
In our discussion, pump depletion is taken into account in order to keep to 
universal appeals and the coupling equations are numerically solved. As shown in Fig. 
4.1(a), when the first-order QPM condition is satisfied, the direction of spontaneous 
polarization flips over at every coherence length 0/0 klc ∆= π , i.e. the distance over which 
the relative phase of the three waves changes by π , and likewise the intensity of the 
output beam increases stepwise. 
 
4.2.2.  The QPMM effect  
  
When there is an additional phase mismatch, the QPM condition will be disturbed  





πδ kkkkkkk outspk                        (4.3) 
As shown in Fig. 4.1(b), the flip over of the spontaneous polarization in the original 
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superlattice fails to match to the new coherence length )/(/ 0kkl kc ∆+=∆= ∆δππ . This 
will reduce the efficiency compared to the situation of perfect QPM condition. However, 
the interacting waves with k∆δ  can still be effectively quasi-phase-matched, i.e., the 
output intensity still increases stepwise until k∆δ  accumulates to π  as shown in Fig. 
4.1(c). Thus we can define a new coherence length appropriately named ‘QPMM 
coherence length QPMMcl ’, to describe this QPMM effect 
                                                   k
QPMM
cl ∆= δπ /                     (4.4) 
QPMM
cl  has a clear physical meaning: The accumulation of the additional phase mismatch 
k∆δ  induces the QPMM effect denoted by QPMMcl . Within QPMMcl , the interacting waves 
with k∆δ  can be still efficiently quasi-phase-matched, i.e. the output intensity keeps 





































































Fig. 4.1 (a) Effect of QPM on the growth of intensity with distance in a periodic QPM structure. 
The direction of spontaneous polarization flips every coherence length. Solid curve for first-order 
QPM; dashed curve for non-phase matched interaction. (b) Effect of the additional phase 
mismatch k∆δ  in the periodic QPM structure. Solid curve for first-order QPM; dashed curve for 
spectral component with k∆δ . It is seen that the flip over of the spontaneous polarization in the 
periodic QPM structure fails to match to the new coherence length cl . (c) Within 
QPMM
cl , the 
spectral component with k∆δ  can be still efficiently quasi-phase-matched, i.e. the output intensity 
keeps stepwise increase until it reaches the coherence length QPMMcl . 
(b) 
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Based on the QPMM effect, there are two types of domain structural modulations 
in 1D NLPC that can be introduced: one for bandwidth widening in 1D NLPC with 
domain reset periodic structure (RP-NLPC), and the other for multiple-wavelength 
conversion in 1D NLPC with cascaded periodic structure (CP-NLPC). The details of the 
modulations are described in the following sections. 
 
4.3.    Modulation of QPMM in RP-NLPC 
 
4.3.1.   Reset action of the QPMM effect and bandwidth enhancement 
  
One of the most important technologies of the nonlinear optical wavelength 
mixing is how to enhance the bandwidth. In this part, we present an effective bandwidth 
enhancement in a new light of modulating QPMM effect in a RP-NLPC. Due to the 
QPMM effect, the output intensity begins to decrease when k∆δ  accumulates to π  at 
QPMM
cl . However, similar to QPM, it is possible for the intensity to continue to increase 
further if the accumulated phase mismatch π  at QPMMcl  can be reset. The reset action, 
which is equivalent to superimposing an additional domain reversal on the original 
periodic QPM structure (Fig. 4.2(a)), will modify the structure of it, causing each of the 
subsequent domains to reverse its original polarization direction as shown in Fig. 4.2(b). 
Not only will this reset action cause the continuous increase of the spectral component of 
k∆δ , but it will further affect all the other spectral components, causing those spectral 
components with their phase mismatch smaller than k∆δ  (larger QPMMcl ) to lower their 
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output intensities while those with phase mismatch larger than k∆δ   (smaller QPMMcl ) to 
increase their output intensities. The net effect of intensity redistribution therefore results 




















Fig. 4.2 (a) Schematic diagram of a periodic QPM structure. (b) Schematic diagram of a RP-
NLPC with one reset. (c) Schematic diagram of a RP-NLPC with two resets. The arrows show the 
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We consider the bandwidth enhancement in the nonlinear DFM process. The 
wavelengths of the pump, input signal, and converted output beams are chosen to be 
nmp 775=λ , nms 1545=λ , and nmout 1555=λ  to fit the “optical communication 
window”. A 15mm-long LN crystal is taken as an example. The first-order QPM period is 
calculated to be mµ92.160 =Λ  based on the Sellmeier coefficients [4.18] at room 
temperature, and the wave vector mismatch of the designed wavelengths is 
1
00 3713.0/2
−=Λ=∆ umk π .  
 
4.3.2. The position of the reset 
 
 The most important factor to design the RP-NLPC is the determination of the 
position of the reset (denoted by resetL ) to effectively modulate all the spectral 
components for a given bandwidth requirement. Normally, the proper resetL  can be 
determined via analytically solving the coupling equations Eq. (4.1) to obtain the 
relationship between power and variables resetL  and k∆δ . But this approach requires small 
signal approximation, which is no longer tenable in general case where pump depletion 
has to be considered. In this part, we will discuss the determination of the position of the 
reset both with and without the consideration of small signal approximation. We will 
show that even considering the small signal approximation, a transcendental equation is 
obtained, and therefore the final determination of the proper position of the reset must 
depend on a numerical calculation process which is similar to that discussed without 
considering the small signal approximation.  
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4.3.2.1. Determining the proper position of the reset under small signal approximation 
 
  Under the small signal approximation, i.e. 0/ =dxdE p , the coupling equations 
(Eq. (4.1)) can be analytically solved by a standard differential equation technique. The 














== ∫ ω        (4.5) 
For example the RP-NLPC with only one reset superimposed, the output amplitude can 
















































































































)0(* == ωξ  is a constant. “+” and “−” represent the nonlinear 
contributions from the positive domains and negative domains respectively. It should be 
noted that the deduction above is based on an approximation that the nonlinear 
contribution from the domain which contains the reset is neglected and the entire 
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superlattice is treated as a combination of two periodic QPM structures. Including the 
additional phase mismatch k∆δ , the relationship between the output amplitude and the 
position of the reset can be expressed by 
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δδδξ                  (4.9) 
After integration and a series derivations, and applying 2~ outout EP , we finally obtain 










































LLLL kkk δδδ   (4.10) 
It is seen that Eq. (4.10) is a transcendental equation and the analytical expression of the 
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reset position is impossible. Therefore the decision of the proper position of the reset has 
to depend on the numerical calculation process, which is similar as discussed below in 
the decision of the reset position without the small signal approximation. 
  
4.3.2.2. Determining the proper position of the reset without small signal approximation 
 
 The expression for the output power was derived assuming negligible depletion of 
the fundamental pump beam. It is therefore valid for cases where the converted output is 
small. For a sufficiently long crystal, the conversion process continues with distance and 
it is only reasonable to take into account the pump depletion where the small signal 
approximation is no longer tenable. Considering the fact that the Fourier spectrum is 
similar to the power spectrum of the frequency difference output, Fourier analysis is 
adopted in our calculation. First the Fourier transform of the domain sequence is 
performed. Then the proper value of resetL  is obtained through a numerical calculation 
process, resulting in wideband Fourier spectrum. Finally, the Fourier spectrum is 
converted to power spectrum via the coupling equations as defined in Eq. (4.1). 
 To perform the Fourier analysis, the spatial function that describes the domain 
sequence of RP-NLPC in real space should be defined firstly. As described above, when 
a reset is superimposed, the part in front of the reset (denoted by 1L  in Fig. 4.2(b)) 
remains its original domain orientations unaltered, whereas the rear part (denoted by 2L  
in Fig. 4.2(b)) has its polarization directions completely reversed. Thus the spatial 
function can be defined discontinuously. For example for the RP-NLPC with one reset 
superimposed, the spatial function is 
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one can obtain the expression of )( kF ∆  regarding k∆δ  































































































kk dxxixkidxxixki δδ   (4.13) 

























δδδ    (4.14) 
Considering 0kk ∆<<∆δ  and after the integration, the spectrum intensity, i.e. the Fourier 
coefficient, can be written as 




























πδ  (4.15) 
 It is clear that the combination of several 2sin  terms with different widths and 
amplitudes will result in an enlarged bandwidth. Comparing Eq. (4.15) and Eq. (4.10), it 
is seen that the Fourier spectrum is similar to the power spectrum, verifying the validity 
of adopting the Fourier analysis as an effective and general approach to study the 
bandwidth in )2(χ  induced parametric processes. 
 Eq. (4.15) is a transcendental equation, two variables k∆δ  and 1L  are coupled each 
other in two 2sin  functions. The decision of the proper position of the reset, i.e. 1L , has to 
depend on a numerical calculation. In seeking for the proper resetL  (i.e. 1L ) from Eq. 
(4.15), the numerical calculation has to systematically balance three factors: full width at 
half maximum (FWHM) of the Fourier spectrum (related to bandwidth), spectrum 
intensity of the central spectral component (related to conversion efficiency), and 
evenness of the spectrum around the central spectral component 0k∆  (related to 
effectivity). As shown in Fig. 4.3(a), the FWHM of the spectrum is not necessarily wide 
if the spectrum intensity is over-valued during the numerical balance process. Equally 
important is the evenness of the spectrum around the central spectral component. As 
shown in Fig. 4.3(b), the spectrum is so uneven around 0k∆  that renders the RP-NLPC 




















































































































Fig. 4.3 Fourier spectrum of a RP-NLPC with one reset. (a) The spectrum intensity of the central 
spectral component is over-valued during the numerical calculation. Thus the enhancement of the 
spectrum bandwidth is not necessarily efficient. (b) The spectrum around the central spectral 
component varies sharply. It renders the RP-NLPC unsuitable for practical applications. (c) After 
balance the three factors: FWHM of the Fourier spectrum, spectrum intensity of the central 
spectral component, and evenness of the spectrum around the central spectral component, 
effective bandwidth enhancement of the Fourier spectrum is achieved. 
  
 
 In the numerical calculation, all these three factors are considered in the following 
sequence: Firstly all the possible position combinations are scanned, i.e. 1L  changes 
from 0 to L  and 12 LLL −= . Then for each combination, k∆δ  is scanned in a wide range, 
and the Fourier spectrum is obtained from Eq. (4.15). For each position combination, 
whether the spectrum has effective bandwidth enhancement is not only determined by 
its FWHM, the value at the half maximum (HM) should also satisfy the predetermined 
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evenness of the spectrum around the central spectral component is controlled by 
adjusting the difference between the value of the Fourier coefficient at the point 0=∆kδ  
and the global maximum value. Our numerical iteration process shows that when the 
position of the reset is chosen to be around 12.3mm for a 15mm-long superlattice, all the 
three factors can be balanced and effective bandwidth enhancement of the Fourier 
spectrum is achieved as shown in Fig. 4.3(c). After converting the Fourier spectrum to 
the power spectrum, the bandwidth of the RP-NLPC (blue curve in Fig. 4.4) becomes 
wider compared to that of the periodic QPM structure (black curve in Fig. 4.4). The 























Fig. 4.4 Comparison of the bandwidth between the periodic QPM structure (black curve) and the 
RP-NLPC with one reset (blue curve), and two resets (red curve). The conversion efficiency is 
normalized to the peak efficiency. It is seen that more resets are superimposed, wider bandwidth 
and smaller efficiency are obtained. That is an inevitable trade-off exists between bandwidth and 
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 Adopting Fourier analysis avoids solving the complex coupling equations. It 
provides us a more general approach to effectively achieve the bandwidth enhancement 
regarding both situations with or without small signal approximation. Furthermore, for 
the RP-NLPC with two resets superimposed as shown in Fig. 4.2(c), the spectrum 












































 + ∆∆∆ LLLLL kkk δδδ    (4.16) 
The positions of the two resets ( 1L  and 2L ) for effective bandwidth enhancement are 
around 1.8mm and 11.55mm respectively after the similar numerical calculation. 
Comparing black curve with blue curve and red curve in Fig. 4.4, it is seen that when 
more resets are superimposed, a wider bandwidth and lower efficiency are obtained. It is 
easy to understand from the point of view of Fourier theorem: Perturbing the periodic 
structure will naturally result in a broadened spectrum. However, the Fourier coefficient 
of the reciprocal vector 0/2 Λπ  will be reduced. That is, an inevitable trade-off exists 
between bandwidth and conversion efficiency. 
 
4.4.    Modulation of QPMM in CP-NLPC 
 
4.4.1.   Cascaded modulations for even number wavelengths conversion 
  
Besides the bandwidth enhancement, another key technology of the nonlinear 
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optical wavelength mixing is the multiple-wavelength conversion, which is essential for 
many applications especially in the environmental sensing and gas detection, wavelength 
division multiplexed optical communication networks and signal-processing in time-
division-multiplexed systems. Here we present an approach for efficient multiple-
wavelength operation realized by modulating QPMM in a CP-NLPC. 
 In analogy with the QPM scheme, where the period for the first-order QPM is 
defined by
0
20 cl=Λ , a modulation period QPMMcm l2=Λ is defined for the QPMM effect, 
in order to get the efficient output of the spectral component with k∆δ . Furthermore, 
multiple-wavelength conversion can be realized if a number of modulation periods are 
defined and combined. Following the above consideration, a CP-NLPC can be designed, 
as shown in Fig. 4.5(a), by considering the following case study. A periodic QPM 
structure with period 0Λ determined by the central wavelength and total length supL is 
divided into N equal segments. Each segment is superimposed with a different 
modulation period QPMMcm kl )(1 12 ∆=Λ δ , QPMMcm kl )(2 22 ∆=Λ δ ,… QPMMcmN kNl )(2 ∆=Λ δ . Thus in each 
segmented superlattice, an additional phase mismatch k∆δ  (which is determined by the 
requirement of the output wavelength) can be modulated by a superimposed periodicity 
and can be efficiently extracted. From Eq. (4.4), QPMMck l/πδ ±=∆ . Therefore N 
modulation periods can in total modulate 2N additional phase mismatches denoted by 
1k∆± δ , 2k∆± δ , 3k∆± δ … Nk∆± δ . More generally, 2N different wavelengths outputs can be 
realized by using N equal segments with different periodicity, each superimposed with a 
different modulation period. As each segmented superlattice has equal length, all 2N 
wavelengths will roughly have equal efficiency. 






















 Fig. 4.5(b) 
 
Fig. 4.5 (a) Schematic illustration of a CP-NLPC superimposed by N modulation periods. n1…nN 
are integers. (b) Schematic diagram of a CP-NLPC superimposed by one modulation period. The 
duty cycles of the original period 0Λ  and the modulation period mΛ  can be adjusted. The arrows 
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 The spatial function for the entire CP-NLPC can be expressed discontinuously. In 
each segmented superlattice, the spatial distribution of the effective nonlinearity is 
described by combining the two spatial terms (Eq. (4.2)) for mΛ  and 0Λ . Thus in the 














































































N ( ]sup,11 ... LLLx N−++∈  
For example in our simulation a 20mm-long 1D NLPC with mµ92.160 =Λ  is 
divided into two equal segments. Two modulation periods, mm µ8.6761 =Λ  and 
mm µ16922 =Λ , are superimposed on the two segments respectively. According to the 
analysis above, there are four peaks with almost equal height in Fourier spectrum (Fig. 
4.6(a)) and power spectrum (Fig. 4.6(b)). Similarly multi-wavelength operation with 
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Fig. 4.6 (a) Four-channel Fourier spectrum of a CP-NLPC with two modulation periods 
superimposed. (b) Conversion efficiency plot of (a). The conversion efficiency is relative to the 
peak efficiency of a conventional periodic QPM structure. (c) Three-channel Fourier spectrum of 
a CP-NLPC with one modulation period superimposed. (d) Conversion efficiency plot of (c). The 
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4.4.2.   Duty cycle of the modulation period for odd number of wavelengths conversion 
  
 It is seen in the afore-mentioned modulation of the QPMM effect, the central 
wavelength is always absent and thus we can only obtain an even number of wavelength 
outputs. In this section, this phenomenon is discussed from a more general perspective in 
which both duty cycles, 0Λ  and mΛ , can be adjusted. 
 For simplicity, we consider the case in which only one modulation periodicity is 
superimposed on a periodic QPM structure, as shown in Fig. 4.5(b). The original periodic 
QPM structure with period 0Λ  is chosen to compose of length supL  with duty cycle 0D . 
Thus the entire superlattice consists of two types of domains: ‘ a -domain’ with a width of 
00Da Λ=  and ‘ b -domain’ with a width of 000 Db Λ−Λ= . A modulation period mΛ  
(defined by K
QPMM
cm l ∆==Λ δπ /22 ) is superimposed on the periodic QPM structure. The 
duty cycle of mΛ  is denoted by mD , and thus the entire superlattice consists of two types 
of segments: ‘ A -segment’ with a length of mm DA Λ=  and ‘ B -segment’ with a length of 
mmm DB Λ−Λ= .  )( kF ∆  consists of contributions from both the ‘ a -domain’ and the ‘b -
domain’, i.e.  
                                               )()()( kFkFkF ba ∆+∆=∆                             (4.18) 
Considering the fact that ‘ a -domain’ and ‘b -domain’ can be in different segments (‘ A -
segment’ or ‘ B -segment’), Eq. (4.18) can be further expressed by 
                     )()()( kFkFkF ba ∆+∆=∆ )()()()( kFkFkFkF BbAbBaAa ∆+∆+∆+∆=     (4.19) 
For simplicity, we assume that the quotients of 0sup /ΛL , mL Λ/sup , 0/ΛΛm , 0/ΛA  and 
0/ΛB  are integers. Thus the four terms )( kF Aa ∆ , )( kF Ba ∆ , )( kF Ab ∆  and )( kF Bb ∆  in Eq. 
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(4.19) can be analytically expressed by applying Fourier transform 
=∆ )(, kF Aba ( )[ ]1exp
sup
−∆−∆− ξkikLi
















=∆ )(, kF Bba ( )[ ]1exp
sup
−∆−∆ ξkikLi















kji       (4.20) 
For ‘a-domain’, 1,0, === Sa εξ , and for ‘b-domain’, 1,1, −=== Sb εξ , where A , B , 
and mΛ  are defined by 0Λ= pA , 0Λ= qB , and 0sup )( Λ+=Λ= qpjjL m  ( p , q , and j  
are integers). The spectrum intensity of the central spectral component ( )( 0kF ∆ ) can 





∆−∆=∆∆→∆      (4.21) 
It is seen that when the duty cycle mD  of the modulation period is set to be 50%, 
0)( 0 =∆kF  and the central wavelength will disappear. Eq. (4.21) shows that the 
variation of spectrum intensity of 0k∆  with the duty cycle mD  is linear. As the duty cycle 
mD  increases from 0 to 100%, )( 0kF ∆  decreases linearly from π
)2/sin(2 0ak∆  (at 
0=mD ) to zero (at %50=mD ), then increases linearly from zero to π
)2/sin(2 0ak∆  (at 
%100=mD ) as depicted by the black curve in Fig. 4.7(a). It is also seen that although 
)( 0kF ∆  will vary with the duty cycle 0D , the extinction of central wavelength is not 
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dependent on it, except two extreme conditions, 00 =D , (i.e. 0=a ) and 10 =D  (i.e. 
0Λ=a ). It is seen that when 0=mD  or %100=mD , a CP-NLPC degenerates to a 
periodic QPM structure. And Eq. (4.21) reduces to πππ /)sin(2/)2/sin(2 00 Dak =∆ , 
which is identical to Eq. (1.4). 
The spectrum intensities of the spectral components kkk ∆+∆=∆ δ01  and 
































Λ∆=∆∆→∆               (4.23) 
Distributions of )( 1kF ∆  and )( 2kF ∆  as a function of mD  are depicted by the green 
curve and the red curve in Fig. 7(a) respectively. From Eqs. (4.22) and (4.23), it is seen 
that the variations of )( 1kF ∆  and )( 2kF ∆  depend not only on mD , but also on mΛ . In 
the entire duty cycle range, both  )( 1kF ∆  and )( 2kF ∆  beat with roughly equal 
amplitude (for 0kk ∆<<∆δ ) but different phases, and the beating frequency is proportional 
to mΛ . Thus  )( 1kF ∆  and )( 2kF ∆  can be equalized at a series of discrete values of mD  
as indicated by the black circles in the inset of Fig. 4.7(a). 
 From Fig. 4.7, when mD deviates from the 50% point, the central wavelength will 
not disappear and the spectrum intensities of 0k∆  , 1k∆  and 2k∆  will vary as mD . Thus 
one can further adjust all the spectral components to have equal intensities. However, 
instead of equating Eqs. (4.21), (4.22) and (4.23) directly, we use numerical iteration. 
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)( 0kF ∆ , )( 1kF ∆  and )( 2kF ∆  can be roughly equalized at the maximum value around 
mD = 0.262, 0.275, 0.287 (Fig. 4.7(b)), or mD = (1-0.262), (1-0.275) and (1-0.287) (Fig. 
4.7(c)). Fig. 4.6(c) shows a three-channel Fourier spectrum with almost equal spectrum 
intensities and Fig. 4.6(d) is a counterpart of Fig. 4.6(c) in power spectrum. In brief, one 
can realize multiple-wavelength conversion with arbitrary number wavelengths output by 
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Fig. 4.7 (a) Distributions of )( 0kF ∆ , )( 1kF ∆  and )( 2kF ∆  as a function of mD , black curve 
for )( 0kF ∆ , green curve for )( 1kF ∆ , and red curve for )( 2kF ∆ . )( 1kF ∆  and )( 2kF ∆  
can be equalized at a series of discrete values of mD  as indicated by the black circles in the inset. 
(b)-(c) When the values of mD  are around 0.262, 0.275, 0.287 or (1-0.262), (1-0.275) and (1-
0.287), )( 0kF ∆ , )( 1kF ∆  and )( 2kF ∆  can be roughly equalized at the maximum value. Here, 
umm 8.676=Λ  and um92.160 =Λ . 
 
 
4.5.    Summary 
 
In summary, we have systematically investigated the QPMM effect in 1D NLPC 
with periodic QPM structure, reset periodic structure, and cascaded periodic structure. 
Effective bandwidth enhancement is achieved by modulating QPMM via the reset action 
in a RP-NLPC. Fourier analysis is adopted as an alternative approach for cases in which 
small signal approximation is unavailable, and it is verified to be more general. Multiple-
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wavelength conversion is realized by modulating QPMM via the cascaded action in a CP-
NLPC. By studying the duty cycle of the modulation period, the CP-NLPC can be used to 
generate arbitrary number of wavelengths, even number or odd number, rendering the 
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Chapter 5 
DIFFRACTION MODEL OF PARAMETRIC PROCESS IN 
NONLINEAR PHOTONIC CRYSTALS 
 
5.1.    Introduction 
 
Since Berger proposed the concept of nonlinear photonic crystal (NLPC) [5.1], 
NLPCs have been verified to be a valuable platform for the light-matter interaction in the 
nonlinear regime [5.2-5.6]. It is seen that in parametric process, if the conventional 
nonlinear medium is replaced by NLPC, the light waves in NLPC becomes closely 
analogous to the X-rays in atomic structure: Both of them do not involve the excitation 
energy of the material, both of them have inherent phase mismatch problem (The phase 
mismatch in NLPC comes from normal dispersion, and in X-rays diffraction from 
reflections of different atom layers), and both of them closely associate with the crystal 
structure. These analogies provide the basis for using the X-rays diffraction theory to 
analyze the propagation and coupling of light waves in NLPCs. Hence, it becomes 
fundamentally interesting and important to consider the QPM parametric process from 
the perspective of pure light wave diffraction in NLPC. In this chapter, a photonic 
diffraction model was proposed by which we consider the parametric process to be a light 
wave scattering process and extend the X-rays diffraction theory to reexplain the QPM 
parametric process in both 1D and 2D NLPC. Several important aspects are discussed, 
including single and multiple duty cycle effect, fundamental physics for multiple phase-
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matching resonance, and simulation of 2D NLPCs with different Bravais lattices. 
 
5.2.    The photonic diffraction model 
 
In order to establish the photonic diffraction model, we consider firstly the 
analogy between a NLPC and an atomic structure. In 1D NLPC, a pair of antiparallel 
domains together defines a primitive cell. Accordingly, the domain acts as the equivalent 
of the atom, as shown in Fig. 5.1(a). Extending to 2D NLPC, the equivalent of primitive 
cell is defined by the minimum area which includes unit domain-inversed area, as shown 
in Fig. 5.1(b). In NLPC, the atomic dipole is defined as the real nonlinearity )2(χ  of 
material. Therefore in a NLPC primitive cell, the atomic dipole density ρ  remains the 
same value but with antiparallel dipole directions for the reversed and original domains. 
We consider secondly the parametric process from the point of view of nonlinear 
scattering process (NSP) induced by the nonlinear dielectric response of nonlinear optical 
medium. Incoming photons can be scattered subject to photon energy conservation law. 
But the normal dispersion causes a wave vector mismatch NSPk  existing in the interacting 
waves and breaks up the photon momentum conservation of NSP. Neglecting the 
absorption, the behavior of the entire NSP can be equivalent to a scattered wave with the 
complex amplitude of )exp()( 0 rkir NSP−= ξξ , where 20 || ξ  holds the entire energy of 
NSP. The photon momentum non-conservation NSPk  makes )}(Re{ rξ  to oscillate 
harmonically between 0ξ+  and 0ξ− , representing that the entire photon energy stores in 
either the initial waves or product waves respectively. When the nonlinear medium is 
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replaced by NLPC, the periodic structure can induce lattice wave with wave vector Ω  
and the photon momentum conservation can be achieved by the diffraction between the 
scattered wave with wave vector NSPk  and the lattice wave with wave vector Ω . 
Recalling the X-rays diffraction in solids, the diffraction in NLPC is given by a photonic 
Bragg law as 
     Ω=NSPk                                                    (5.1) 
Under the photonic Bragg condition, the photon momentum conservation in NSP is 
satisfied by including the lattice wave with wave vector Ω  into NSP. The energy 
conversion from the initial waves to the product waves is complete, resulting in an 
efficient electromagnetic wave coupling in NLPC. Figure 5.2 illustrates a peer-to-peer 
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Fig. 5.1 (a) An analogy between a diatomic crystal and a NLPC in 1D case. 0a , 1a , and 2a  are 
the dimensions of primitive cell and atoms respectively. The arrows denote the dipole directions. 
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Fig. 5.2 (a) X-rays diffraction in an atomic structure. k  and 
'
k  are the wave vectors of the 
incident and reflected X-rays. G is a vector in reciprocal lattice. (b) A NSP where two incoming 
photons at frequency 1ω  and 2ω  are scattered nonlinearly into one photon at frequency 
213 ωωω +=  (SFM) under the photon energy conservation 321 ωωω hhh =+ . NSPk  denotes 
the wave vector of the scattered wave. Ω  denotes the wave vector of the lattice wave in NLPC 




 The relative intensity of the scattered wave measures the efficiency of the entire 
NSP. When the photonic Bragg condition is satisfied in NLPC, the relative intensity of 
the scattered wave is determined by its diffraction with the lattice wave. Recalling that 
the structural factor GS  [5.7] in real crystal measures the relative intensity of X-rays 
from a primitive cell, we can define a NLPC structural factor NLPCSΩ  to measure the 
relative intensity of the scattered wave from a NLPC primitive cell under the photonic 
Bragg condition. Accordingly, NLPCSΩ  is defined as 
















S ξξ               (5.2) 
Wave vector scheme in 
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The integration is performed in a single primitive cell and 0A  denotes the spatial scope of 
the primitive cell. )(rf
j
= ρ)(rjΓ  is accordingly the atomic form factor [5.7] in NLPC, 
where the spatial function )(rjΓ  takes the values +1 and -1 and describes the dipole 
distribution in a NLPC primitive cell. Considering NSP in the entire NLPC, the relative 








N  denotes the total number of primitive cells. 
 
5.3.    Photonic diffraction model in 1D NLPC 
 
5.3.1.   Scattering factor in 1D NLPC 
  
We consider the 1D NLPC to be a linear crystal lattice with lattice constant 0a . 
From the point of view of the crystal structure, the stacking of the primitive cells in 1D 
NLPC with lattice constant 0a  is either the para-direction stacking as shown in Fig. 5.1(a) 
or the anti-direction stacking as shown in Fig. 5.3, depending on whether the neighboring 
atoms from adjacent primitive cells have antiparallel dipoles or parallel dipoles. Note that 
in Refs [5.2], the reciprocal vector that is used for phase-matching resonance is defined as 
Tmm /2|| π=Ω , where T  is the distance between two consecutive planes of domains 
with same direction of )2(χ . Therefore the wave vector of the scattered wave can be 
written as 0/2|| amm π=Ω  for para-direction structure, and 0/|| amm π=Ω  for anti-
direction structure, where the integer m  denotes the order number of the wave vector. 













In 1D NLPC, the components in the integral of structure factor NLPCSΩ  become to 
scalar. Thus SΩ is written as 








)||exp()(1                              (5.3) 
For the 1D NLPC with para-direction structure, Eq. (5.3) yields 
|SΩm|= ππρ mama /)/sin(2 01 . This equation gives same result as that from the 
conventional QPM theory [5.8]. This is easy to understand since a 1D NLPC with para-
direction structure is equivalent to a conventional QPM structure. The ratio of the atom 
size to the primitive size 01 / aa , which is normally defined as the duty cycle Φ ,  is the 
crucial factor to affect the value of SΩm. From the above expression of |SΩm|, the 
maximum value of |SΩm| that can be obtained is πρ /2  at m =1 and 2/1/ 01 =aa . We 
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01 / aa  can be written as a fraction and 01 / ama  is an integer. For example, when 
2/1/ 01 =aa , the missing diffraction orders are m =2, 4, 6, 8,…, and when 3/1/ 01 =aa , 
the missing diffraction orders are m =3, 6, 9, 12,…, etc. For the 1D NLPC with anti-
direction structure, we obtain 
                                            SΩm= )()(
21
mama SS Ω+Ω                                          (5.4) 
where )(
1
maS Ω  and )(2 maS Ω can be written together as 
















Ω−=Ω ηϑρ       (5.5) 
where L  denotes the entire structure length. For an atom with dimension 1a , the 
parametersη , ϑ , and Q  are defined as 1,0,1 === Qa ϑη . And for an atom with 
dimension 2a , the parametersη , ϑ , and Q  are defined as 1,1,2 −=== Qa ϑη . Finally, 
we obtain that |SΩm|= πρ m/2  for odd m  and |SΩm|=0 for even m . Therefore the anti-
direction structure can induce more photonic Bragg conditions as compared to the para-
direction structure, since |SΩm| no longer depends on the ratio of 01 / aa  and only 
diffractions with even order number are forbidden in such structure. Although |SΩm| is no 
longer dependent on the ration of 01 / aa  in anti-direction structure, further investigation 
shows that it closely relates to the domain spreading during the electric poling [5.9, 5.10] 
process. The undesirable spreading δ  modifies the result as |SΩm|= πδρ mm /|)|cos(2 Ω  
for odd m  and |SΩm|= πδρ mm /|)|sin(2 Ω  for even m  respectively. In most cases the 
spreading δ  can be controlled to satisfy the condition of 0a<<δ , therefore it can be 
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neglected without the lost of the validity. 
 
5.3.2.   Multiple phase-matching resonances in 1D NLPC 
 
Let us consider the above anti-direction structure from a more general point of 
view. We can extend the design of the anti-direction structure by defining the distance T  
as BAT += . Let 01aKA =  and 02aKB =  where 1K  and 2K  are integers and 
221 >+ KK . In the extended anti-direction structure, two adjacent atoms have parallel 
dipoles at the joint of A  and B , but not at the joint of neighboring primitive cells. 
Therefore, in both segments A  and B , the NLPC  structure keeps the para-direction 
structure.  We can also define the ratio between A  and T  to be a new type duty cycle as 
TA /=Θ . In such extended anti-direction structure, the wave vector of the scattered 
wave belongs to a series of 021 )/(2|| aKKmm +=Ω π . )(1 maS Ω  and )(2 maS Ω  are written 
as  
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ΘΩ−−                           (5.6) 
Finally, we obtain 
(i) when lKKm =+ )/( 21 , where l  is an integer ≥1 
|SΩm|= lπ
ρ2 )12)(sin( −ΘΦlπ                                       (5.7) 
(ii) when the value of )/( 21 KKm +  is not an integer 













2 )]}/()21(cos[)]/(cos[2)]/([{sin KKmKKmKKm +Φ−+−+ πππ               (5.8) 
The extended anti-direction structure shows multiple duty cycle effect. Duty 
cycles 01 / aa=Φ  and TA /=Θ  together plays very important role on |SΩm| in Eq. (5.7). 
It is seen that for the wave vector with the order number equaling to lKK )( 21 + , the 
scattering factor |SΩm| linearly depends on the duty cycle Θ  and the slope of the linear 
curve is determined by m  and Φ  via a sinusoidal function. The maximum value of the 
slope is obtained when 1=l  and Φ =0.5. When the value of Θ  equals to 0.5, |SΩm| 
vanishes for all wave vectors with the order number equaling to lKK )( 21 + . It means 
that the photonic Bragg condition involving lattice wave with such wave vectors is totally 
forbidden in this extended anti-direction structure. When Θ ≠0.5, there is still 
forbiddance condition that can be induced when =Φl integer. In Eq. (5.8), it is seen that 
when the order number of the wave vector is not an integral multiple of )( 21 KK + , |SΩm| 
changes sinusoidally with Θ . Φ , m , and )( 21 KK +  together determine the amplitude of 
the sinusoidal function. At the same time, the order number m  also determines the 
periodicity of the sinusoidal function. There is also forbidden diffraction that can be 
induced in this case. The forbidden condition in Eq. (5.8) is defined as =Φm integer. 
From Eq. (5.8), it is seen that in the extended anti-direction structure, |SΩm| no 
longer monotonically decreases but oscillates as || mΩ  increases, as compared to the 
traditional QPM structure. Furthermore, if 21 KK +  is sufficiently large, and at the same 
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time 1)/( 21 ≈+ KKm , two |SΩm1| and |SΩm2| for 1211 ++= KKm  and 1212 −+= KKm  
will oscillate almost in phase with nearly same amplitude in the entire range of Θ . That 
means the dual NSP with equal scattering factor can be achieved at the intersection of the 
two spectra. From Eq. (5.8), it should be noted that the equalization condition is very 
sensitive to the difference between the two order numbers, 1m  and 2m . Combining the 
linear characteristic of Eq. (5.7), near equalization of three scattering factors, |SΩm|, 
|SΩm1|, and |SΩm2|, can be achieved at the intersection of the three spectra. From the 
above analysis, in order to get large magnitude for these equalized scattering factors, the 
duty cycle Φ  should take the value of 0.5 and the order numbers of three wave vectors 
should be 21 KKm += , 1211 ++= KKm  and 1212 −+= KKm  respectively. 
Furthermore, more NSPs can be induced by increasing the parameter K . For example, if 
we introduce 3K , then the maximum of nine-fold NSPs can be achieved by adjusting the 
parameters of Φ , Θ , and m . 
 
5.4.    Photonic diffraction model in 2D NLPC 
 
In extending the model to 2D NLPC, it is crucial to determine the relative 
intensity of the scattered waves. In this section, we adopt the photonic diffraction model 
to investigate the diffraction between the scattered wave and the lattice wave in 2D 
NLPC. The detailed calculation of |SΩ| is presented and the relationship between |SΩ| 
and the wave vector is analyzed. On the other hand, 2D NLPC with different lattice types 
are compared with each other. And at the same time, the comparison between 1D and 2D 
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NLPCs is discussed. 
In 2D NLPC, the photonic Bragg condition can be written as nmNSPk ,Ω= , where 
nm,Ω  is the wave vector of the lattice wave in 2D NLPC and m , n  denote the order 
number. In the case of 2D, the light waves no longer propagate along one direction and 
the photonic Bragg condition is realized in a plane. From the photonic diffraction model, 
if one can write out the atomic form factor )(rf
j
, then the NLPC structure factor NLPCSΩ  
can be obtained. The key to define the atomic form factor )(rf
j
 is to find out the domain 
distribution function )(rjΓ  in a primitive cell. Theoretically, the shape of the inverted 
domain is determined by the atomic structure of the nonlinear material as well as the 
fabrication process. Normally for the ferroelectric material, the inverted domain after the 
electric poling has circular shape [5.2-5.6]. If the shape of primitive cell possesses 
approximate circular symmetry, such as primitives in the square and hexagonal Bravais 
lattices, then Circ function can be used to describe the domain distribution )(rjΓ  in a 
primitive cell. Hence, )(rf
j
 can be written as 
       for 0
22 Ryx ≤+  
                                   for 0
22
0 CyxR ≤+<  
where 0R  denotes the radius of the inverted circular domain, and 0C  is the lattice 
constant. To simplify the calculation process, we set without lost of generality the 
background value of ρ−  to be zero and ρ  of the reversed domain to be ρ2 . Therefore 
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π ψθθρ                               (5.10) 
where 0S  denotes the area of the primitive cell. Let ψθτ −= , then Eq. (10) becomes 














)|(|221 0πρ  


























Ω ρρπ            (5.11) 
where )|(| 0,1 RJ nmΩ  is first-order Bessel function of the first kind. The area ratio of 
0
2
0 /4 SRπ  is defined as the 2D duty cycle Ψ  in NLPC. In Eq. (5.11), it is seen that the 
factors Ψ  and || ,nmΩ  together play the very important role to determine SΩm,n of NSP 
in 2D NLPC. 
According to Ref [5.2], the wave vector nm,Ω  of the lattice wave in the 2D NLPC 
with square Bravais lattice belongs to either type 1 series as 0
2/122
, /)(2|| Cnmnm +=Ω π  
or type 2 series as 0
2/122
, 2/)(4|| Cnmnm +=Ω π  . And for the 2D NLPC with 
hexagonal Bravais lattice, the wave vector nm,Ω  of the lattice wave belongs to either type 
1 series as 0
2/122
, 3/)(4|| Cmnnmnm ++=Ω π  or type 2 series as 
0
2/122
, /)(4|| Cmnnmnm ++=Ω π . It should be noted that the order numbers, m  and n , 
are mutual to each other and thus |||| ,, mnnm Ω=Ω . 
We analyze firstly the value of |SΩm,n| when the photonic Bragg condition is 
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realized in two types of lattices: the square lattice and the hexagonal lattice. In Fig. 5.4, 
we plot Eq. (5.11) for both square and hexagonal lattices when the wave vector takes the 
values of || )0,1(1,0Ω , || 1,1Ω , || )0,2(2,0Ω , and || )1,2(2,1Ω  for both two types of series. Figs. 
5.4(a)-5.4(d) share a same characteristic: In each figure, the maximum |SΩm,n| is obtained 
when the wave vector takes the minimum value || )0,1(1,0Ω , and at the same time the 
overall average value of |SΩm,n| decreases as the value of wave vector increases. Since for 
a given order number ( m , n ), the value of wave vector from type 1 series is always 
smaller than that from type 2 series, we thus can achieve photonic Bragg condition with 
larger overall average value of |SΩm,,n| when the wave vectors come from type 1 series. 
Comparing Fig. 5.4(a) with Fig. 5.4(c) and Fig. 5.4(b) with Fig. 5.4(d), we can see that 
for the wave vector with given order number and from same type of series, the maximum 
value as well as the overall average value of |SΩm,n| in square lattice is larger as 
compared to those in hexagonal lattice. This can be understood from the above analysis, 
since in the above situation, the value of wave vector in the square lattice is always 
smaller than that in the hexagonal lattice. 
In Fig. 5.4, it is seen that for all cases, the value of |SΩm,n| oscillates as Ψ  
increases, and at some particular points, |SΩm,,n| equals to zero, causing the forbiddance 
of the corresponding diffraction, i.e., the corresponding NSP. As the number of the zero 
points increase as the magnitude of the wave vector grows and for different wave vectors 
the zero points have different value, this forbiddance effect should be given sufficient 
attention when we use multiple lattice waves to realize multiple photonic Bragg condition, 
since the inappropriate choice of Ψ  may cause forbiddance of the desired diffraction. On 
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the other hand, this forbiddance effect affords us an effective approach to control the 
value of |SΩm,n| for different NSPs by adjusting the value of Ψ  during the design and 
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Fig. 5.4 The plot of Eq. (5.11) for both square and hexagonal lattices when the reciprocal vector 
takes the values of || )0,1(1,0Ω , || 1,1Ω , || )0,2(2,0Ω , and || )1,2(2,1Ω  for both two types of series. (a) 
for square lattice with type 1 series. (b) for square lattice with type 2 series. (c) for hexagonal 
lattice with type 1 series. (d) for hexagonal lattice with type 2 series. 
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As known, the primary advantage of the 2D NLPC is that it allows the realizing of 
efficient multiple NSPs in different directions that cannot be achieved in a 1D NLPC 
structure. However, we found that for the single NSP, 2D NLPC is not a better choice 
than 1D NLPC. In Fig. 5.5, we plot together the normalized |SΩ0, 1|-Ψ  spectra when the 
photonic Bragg condition is satisfied in a 1D NLPC with para-direction structure and in a 
2D NLPC with both square lattice and hexagonal lattice. It clearly shows that the 
maximum value of |SΩm,n| in 2D NLPC cannot exceed the maximum value of πρ /2 . 
Therefore for the single NSP, 1D NLPC is a better choice than 2D NLPC since larger 
|SΩm,n| and thus better conversion efficiency can be ensured. Nevertheless, in 2D NLPC, 
several lattice waves can participate in a single diffraction process, which may increase, 










Fig. 5.5 The |SΩm,n|–Ψ spectra. The blue solid curve for 1D NLPC with para-direction structure. 
The black solid curve for Ω0,1(1,0) from type 1 series in the square lattice, the dashed curve for 
Ω0,1(1,0) from type 1 series in hexagonal lattice, the dotted curve for Ω0,1(1,0) from type 2 series in 
square lattice, and the dash-dotted curve for Ω0,1(1,0) from type 2 series in hexagonal lattice. 
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In Fig. 5.4, it is seen that |SΩm,n| does not return to the zero point at 1=Ψ . The 
reason for this discrepancy from the physical reality is that we use the Circ function to 
describe the shape of primitive cell when we calculate |SΩm,n|. It is also seen that the 
discrepancy in the square lattice is larger than that in the hexagonal lattice, since the 
hexagonal shape looks more like a circle. As the value of Ψ  decreases, the discrepancy 
will become smaller, since the area of the inversed domain becomes sufficiently small as 
compared to area of the primitive cell, and the influence of the primitive cell’s shape can 
be ignored. The above analysis and results cannot be applied to the NLPC with 
rectangular Bravais lattice, since such lattice lacks the circular symmetry. However, if the 
two lattice constants of the rectangular lattice do not differ from each other by a large 
magnitude, Eq. (5.11) can give approximate value of |SΩm,n|. 
 
5.5.    Summary  
 
The X-rays diffraction theory in atomic structure has been extended to investigate 
the propagation and coupling of light waves in NLPC. The light wave in NLPC has full 
analogy with the X-rays in atomic structure, and the conventional QPM condition is 
actually the interference between the scattered light wave and the lattice wave in NLPC. 
This study gives detailed investigation of light wave diffraction in NLPC and reveals the 
fundamental physics for multiple phase-matching resonances in 1D NLPC, which is 
essentially important to optical communication [5.11], spectroscopy [5.12], and quantum 
information [5.13]. At the same time, the scattering factor in 2D NLPC was investigated, 
which is an essential factor for the design and fabrication of 2D NLPC. 
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Since the beginning of nonlinear optics from the first observation of SHG in 1962, 
NLPCs are among the most investigated optical materials for applications of nonlinear 
frequency generation, mixing and conversion, and have been extensively used in laser 
industry, medical and biological science, spectroscopy, astronomy, as well as 
environmental sensing and monitoring.  NLPC combines the advantages of QPM theory, 
electric poling, and mature lithography technology for realizing parametric processes.  It 
has the benefits of high parametric gain, no “walk-off”, greater allowance for non-critical 
phase matching of interactions within the transparency range, less sensitive to 
photorefractive effects, extended infrared transmission, large degree of homogeneity and 
good optical quality, as well as good mechanical robustness. 
This thesis presents a systematic investigation of parametric processes in NLPCs 
with various QPM microstructure designs, both theoretically and experimentally, 
extending the current studies and leading to several new results for the application of 
NLPCs in nonlinear frequency generation, mixing, and conversion. We have realized 
efficient mid-infrared OPO in a multiple grating PPMLN with wide tunability. The tuning 
performance and infrared absorption were analyzed. We have extended the parametric 
study in 1D NLPC from periodic QPM structure to aperiodic QPM structure as well as 
cascaded C-PDC structure. It is verified that aperiodic QPM structure is an efficient 
approach to achieve C-PDC with high gain, multiple-wavelength tunability, and enhanced 
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output stability. Thus  the cascaded parametric conversion process in a NLPC with 
aperiodic QPM structure may serve for as a unique source in order to generate multiple 
correlated photon pairs covering a wide spectrum range, which can be  useful for the 
study of quantum optics, including quantum cryptography, quantum interference, and 
quantum entanglement. The QPM concept was also expanded to QPMM effect, which 
accounts for the additional phase-mismatch in NLPC. We have also studied the 
modulation of QPMM effect by NLPC with reset periodic and cascaded periodic 
structure for bandwidth enhancement and multiple channel wavelength conversion. 
Finally in this thesis, the X-rays diffraction theory in atomic structure has been extended 
to investigate the propagation of light waves and coupling in NLPC. The propagation of 
light waves in a NLPC is shown to be analogous to that of X-rays in an atomic structure, 
where the conventional QPM condition is actually the interference between the scattered 
light wave and the NLPC lattice wave. This study provides the detailed mechanism of 
light wave diffraction in NLPC and reveals the fundamental physics for multiple phase-
matching resonances in 1D NLPC. At the same time, the scattering factor in 2D NLPC 
was investigated, which is an essential factor for the design and fabrication of 2D NLPC. 
 It is important to emphasize that the studies in this thesis mainly focus on 
wavelength range of near and mid infrared. Recently, generation of terahertz radiation in 
1D NLPC with various QPM structures has attracted much more interests. It is expected 
to extend the current study of NLPC to terahertz (THz) wavelength range in our future 
works.  Towards this direction, we have embarked on both theoretical and experimental 
investigations of THz propagation in NLPC with interesting results.  
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APPENDIX 
Abbreviation list 
Nonlinear photonic crystal --- NLPC 
Second harmonic generation --- SHG 
Difference frequency mixing --- DFM 
Sum frequency mixing --- SFM 
Optical parametric generation --- OPG 
Optical parametric amplification --- OPA 
Optical parametric oscillation --- OPO 
Quasi-phase-matching --- QPM 
Quasi-phase-mismatch --- QPMM 
LiTaO3 --- LT 
LiNbO3 --- LN 
KTiOPO4 --- KTP 
Periodically poled LiNbO3 --- PPLN 
MgO:LiNbO3 --- MLN 
Periodically poled MgO:LiNbO3 --- PPMLN 
Parametric downconversion --- PDC 
Cascaded parametric downconversion --- C-PDC 
 
